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ABSTRACT OF DISSERTATION 
 
 
THE INFLUENCE OF TALL FESCUE CULTIVAR AND ENDOPHYTE STATUS ON 
ROOT EXUDATE CHEMISTRY AND RHIZOSPHERE PROCESSES 
 
Tall fescue (Lolium arundinaceum (Schreb.) Darbysh.) is a cool-season perennial 
grass used in pastures throughout the Southeastern United States. The grass can harbor a 
fungal endophyte (Epichloë coenophiala) thought to provide the plant with enhanced 
resistance to biotic and abiotic stress. However, the alkaloids produced by the common 
variety of the endophyte cause severe animal health issues resulting in a considerable 
amount of research focused on eliminating the toxic class of alkaloids while retaining the 
positive abiotic and biotic stress tolerance attributes of the other alkaloids. In doing so, 
very little attention has been paid to the direct influence the fungal-plant symbiosis has on 
rhizosphere processes. Therefore, my objectives were to study the influence of this 
relationship on plant biomass production, root exudate composition, and soil 
biogeochemical processes using tall fescue cultivars PDF and 97TF1  without an 
endophyte (E-), or infected with the common toxic endophyte (CTE+), or with two novel 
endophytes (AR542E+, AR584E+).   I found that root exudate composition and plant 
biomass production were influenced by endophyte status, tall fescue cultivar, and the 
interaction of cultivar and endophyte. Cluster analysis showed that each cultivar has a 
distinct exudate profile and that the interaction between endophyte and cultivar results in 
a unique exudate profile. These interactions had a small but perceptible impact on soil 
microbial community structure and function with an equally small and perceptible impact 
on carbon and nitrogen cycling in soils from rhizobox and field sites. These studies 
represent the first comprehensive analysis of root exudate chemistry from common toxic 
and novel endophyte infected tall fescue cultivars and can be used to help explain in part 
the observed changes in C and N cycling and storage in pastures throughout the Southeast 
U.S..  
 
KEYWORDS: Endophyte, Root exudates, Soil carbon and nitrogen pool, Soil microbial 
community, Tall fescue
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I. CHAPTER 1 – REVIEW OF LITERATURE 
A. An overview of where I am headed 
In this chapter, I will explore the relationship between the perennial cool season 
grass tall fescue and a fungal symbiont Epichloë coenophiala and the influence this 
relationship has on plant physiology, soil and ecosystem processes. Tall fescue [(Lolium 
arundinaceum (Schreb.) Darbysh. = Schedonorus arundinaceus (Schreb.) Dumort. =, 
formerly Festuca arundinacea Schreb. var. arundinacea Schreb.)], is a perennial, cool 
season bunchgrass which is postulated to have come to the United States in the 1800s 
from Europe as part of packing material to prevent valuables from breaking in transit.  In 
the 1940s, tall fescue was widely planted in the U.S. and gradually became one of the 
most important pasture grasses (Ball et al., 1993).  In addition, tall fescue is used for turf, 
hay, and erosion control in the U.S..  Currently, there are approximately 14 million 
hectares of tall fescue growing in the United States (Ball et al., 1993), most of which is 
found in the southeastern part of the country.  
‘Kentucky 31’ is one of the most common tall fescue varieties within which can 
live a mutualistic, shoot specific fungal endophyte (E. coenophiala) providing tall fescue 
with a competitive advantage  over other grasses. Nearly 50% of 1500 tall fescue samples 
gather from 26 states in the United States are infected by E. coenophiala (Clay, 1990) 
with the infection rate increasing from north to south.  The interaction between tall fescue 
and E. coenophiala is considered mutualistic although there is some debate over the true 
nature of this association (Faeth, 2010; Rudgers et al., 2010). In this association, the grass 
provides nutrients for the endophyte, and in return the endophyte releases chemical 
components which protect the grass from herbivory, extreme environmental conditions 
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and nutrient stress. In the next sections I will provide a review on the endophyte-plant 
relationship with respect to the benefits and possible costs to the plant for hosting the 
endophyte and how this relationship is altered when other endophyte genotypes are 
introduced into the plant. Following, I will discuss what is known thus far about the 
influence these relationships have on the chemical composition of root exudates from 
these plants, and concomitantly, what influence this may have on microbial community 
structure and function in the rhizosphere. I will finish with a discussion on what I know 
thus far about the influence of these interactions on ecosystem and agroecosystem scale 
processes (e.g. C and N cycling), and conclude this chapter with a statement of my 
related research objectives.    
B. The endophyte-plant relationship 
Endophytes are organisms (bacterial or fungal) that live inside a plant for part or 
all of their lives. Some of endophytes are transmitted horizontally to host plants via 
spores, but some of them are transmitted vertically via host plant seeds (Aly et al., 2011). 
The vertical transmission was demonstrated to be imperfect in some grass species 
(Afkhami and Rudgers, 2008). It is noteworthy that nearly 300,000 plant species in the 
world contain endophytes, and latitude could be a possible factor that affects endophyte 
distribution (Aly et al., 2011).  Endophyte species in the same plant family were found to 
be related (Aly et al., 2011). Endophytic associations exist in almost all plants from the 
arctic to the desert with the relationship ranging from mutualism, commensalisms to 
parasitism. This association is flexible and modulated by genetic information, nutrient 
variation, ecological factors and physiological condition (Cheplick et al.,1989; Saikkonen 
et al.,1998; Aly et al., 2011). 
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The genus Epichloë (Fr.) Tul. & C. Tul. (order Hypocreales) (Leuchtmann et 
al.,2013; Schardl, 2010), are well studied examples which infect native grasses, such as 
Arizona fescue (Festuca arizonica) species, and agronomic grasses, such as tall fescue, 
meadow fescue (Lolium pratense) and perennial ryegrass (Lolium perenne). Fungal 
endophytes growing in plants have three primary types of associations, symptomatic, 
mixed and asymptomatic (Clay and Schardl, 2002).  Since asexual endophytes in 
Epichloë species are transmitted vertically, their life cycle and growth are tied very 
tightly to the host plant (Faeth and Sullivan, 2003).  
However, there is significant debate as to whether the mutualism is a universal 
phenomenon across both agronomic and wild grass populations in which these 
associations occur.  For example, the benefits of increased nutrient acquisition and water 
utilization imparted to tall fescue by the endophyte may be offset by the resources 
required by the endophyte to produce the alkaloids and other metabolites responsible for 
these benefits.  Faeth and Sullivan (2003) tested the influence of  Epichloë species in the 
native grass Arizona fescue and showed that Epichloë species behaved more like a 
parasite than a mutualist by reducing above ground dry mass, number of tillers and 
amount of seeds produced (Faeth and Sullivan, 2003). Moreover, Faeth et al. (2004) 
found that E+ Arizona fescue did not show higher performance than E- plants when water 
was limiting in field experiments (Faeth et al., 2004). Interestingly, they demonstrated 
that plant genotype is also a factor that affected plant growth, plant volume and seed 
germination in greenhouse experiments (Faeth et al., 2004; Faeth and Sullivan, 2003). 
These observations led the authors to conclude that the relationship between Epichloë and 
Arizona fescue was one of competition and to question if other Epichloë - grass 
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relationships (e.g. Epichloë – tall fescue) were not in fact parasitisms. Faeth found that 
endophyte infected grasses had increased herbivory in the field and also allocated 
resources into reproduction early in the life span (Faeth, 2009). The study suggested that 
the relationship between Epichloë endophyteand native Arizona fescue may be as a 
reproductive parasite. Saikkonen et al. (2006) also proposed that studies about mutualism 
between endophyte and agronomic grass can not represent the association between wild 
grass and endophtye (Saikkonen et al., 2006). They assert that the symbiosis between 
natural grasses and endophytes is much more complicated than this model system 
(Saikkonen et al., 2006). Similarly, host plant origin, alkaloid variation in different plants 
and environmental factors were suggested to have much more of an influence on the 
invertebrate and vertebrate community than Epichloë endophytes (Jani et al., 2010; 
Vesterlund et al., 2011). Rudgers and her colleagues posit that it was not reasonable to 
conclude that the relationship is parasitism based on only 3-4 years of data and suggest 
that more data including lifetime host fitness and transmission rates are neccessary 
(Rudgers et al., 2010a).  
C. History of common toxic endophyte infection in tall fescue  
Tall fescue, a self-infertile grass originating from Eurasia, was introduced into the 
United States in the late 1800s (Buckner et al., 1979; Gibson and Newman, 2001). In 
1931, Dr. E.N. Fergus found a tall fescue ecotype growing in Kentucky which, in 1943, 
was served as germplasm for development of a cultivar aptly named ‘Kentucky 31’ 
(Fergus and Buckner, 1972).  ‘Kentucky 31’, released as ecotype G131 in 1942 (Bacon, 
1995), performed so well that it was widely planted throughout the U.S. (Hoveland, 
2009).  In 1949 in New Zealand and later in the 1950’s in the U.S,  fescue foot was 
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observed in grazing cattle but it wasn’t until the 1960’s that both fescue foot and the more 
general ailment  fescue toxicosis were fully described and attributed to tall fescue; the 
cause for these ailments, however,  was still unknown (Bacon, 1995). In 1956, ergot 
alkaloids were found in toxic tall fescue but these reports received little attention.   In 
1973, scientists isolated several Balansia species (related fungi) from tall fescue, and 
Porter et al (1979) demonstrated that fungi in the family Clavicipitaceae, tribe Balansieae 
possessed the ability to produce ergot alkaloids implicating the endophyte as the cause of 
fescue toxicity.  In the early 80’s, two grazing trials in which cattle were grazed on 
pastures containing low endophyte infection rates (~18%) vs. pastures with high 
endophyte infection rates (~80%) finally proved that endophyte infection was indeed 
responsible for  fescue toxicosis (Hoveland, 1993; Hoveland et al., 1980). In 1982, the 
identity of the fungus in tall fescue was questioned by Morgan-Jones and Gams who 
determined instead that it was Acremonium coenophialum (Bacon, 1995; Morgan-Jones 
and Gams, 1982) which, in 1996, changed to Neotyphodium coenophialum (Morgan-
Jones & W. Gams) Glenn, Bacon & Hanlin comb. nov. (Glenn et al., 1996), and then 
recently to Epichloë coenophiala (Morgan-Jones & W. Gams) C.W. Bacon & Schardl, 
when most Neotyphodium species were realigned with their phylogenetic congeners in 
genus Epichloë (Leuchtmann et al. 2014). In phylogenetic studies, E. coenophiala is a 
hybrid of E. festucae, E. typhina, and an unknown Epichloë species related to Epichloë 
baconii (Kuldau and Bacon, 2008; Schardl, 2009). The difference between Neotyphodium 
species and Ephichloë species is the production of stroma (Schardl, 2009). Three tubB 
beta-tubulin genes and two tefA translation elongation factor 1-alpha in E.  coenophiala 
6 
 
are derived from different Epichloë species, indicating that E.  coenophiala is the product 
of interspecific hybridization(Clay and Schardl, 2002; Schardl, 1996).  
 D. In-plant distribution and resource needs of E. coenophiala 
E. coenophiala is an asexual species (heteroploid) persisting from generation to 
generation by infecting plant seeds in a process called ‘vertical transmission’ (Clay and 
Schardl, 2002; Kuldau and Bacon, 2008; Malinowski and Belesky, 2000; Schardl, 2010; 
Siegel et al., 1987).  E. coenophiala grows systemically in the intercellular space of tall 
fescue. E. coenophiala can be found growing intercellularly in plant leaf sheaths and 
stems of plants, via intercalary growth, but is sparse or not present in the roots and blade 
(Christensen et al., 2008; Clay and Schardl, 2002; Tan and Zou, 2001; Timper et al., 
2005). The hyphae of E. coenophiala grow into developing ovules and seeds on 
symbiotic tall fescue plants and do not produce fruiting bodies (Clay, 1988; Schardl, 
2010).  E. coenophiala is present in higher densities in the basal part of the leaf with 
decreasing densities moving toward the apices (Clay and Schardl, 2002; Kuldau and 
Bacon, 2008).  Endophyte growth requires nutrients, such as amino acids, sugars and 
inorganic or organic compounds (e.g. calcium, nitrate, potassium) which it gets from the 
host plant apoplastic space, (Bacon, 1993; Clay, 1990; Easton, 2007; Malinowski and 
Belesky, 2000; White and Torres, 2010).The interaction between cell and intercellular 
space where the endophyte lives is active, and researchers have demonstrated that the 
sugar lost from the intercellular space can be replenished within an hour (Kuldau and 
Bacon, 2008).  Bacon (1993) suggested that since the endophyte grows in the 
intercellular spaces of tall fescue and does not form any special feeding structures (e.g. 
appressorium), it most likely absorbs carbon and nitrogen nutrients already in the 
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intercellular space, in which case there is no need to destroy or alter the cell wall, but 
instead are dependent on the diffusion of sugars from the cytosol into the apoplastic space 
(Bacon, 1993).  However, Richardson et al. (1992) found higher concentrations of sugars 
and other nutrients in the apoplastic space of E. coenophiala infected tall fescue 
compared to endophyte free tall fescues. White and Torres (2010) hypothesized that the 
excess nutrients in the apoplast of E+ infected grasses results from alterations or damage 
to the plant cell wall membrane by reactive oxygen species (ROS) which the endophytes, 
E. festucae, has have been shown to produce (Tanaka et al., 2006). White and Torres 
(2010) supported this hypothesis by reportedly finding higher levels of membrane lipid 
peroxidation in E+ vs. E- fine fescue clones.    
E. Secondary metabolites produced by E. coenophiala 
In its association with E. coenophiala, tall fescue gets many benefits from the 
endophyte. Secondary metabolites, such as alkaloids, are the essential components 
produced by the endophyte in the host tall fescue plant.  
1. Alkaloid classes and production  
The most important chemical components produced by E. coenophiala in tall 
fescue are alkaloids.  Epichloë species produces four main classes of alkaloids, including 
ergot alkaloids, indolediterpenes, loline alkaloids of the amino pyrrolizidine family and 
peramine (an unusual pyrrolopyrazine alkaloid) (Bush et al., 1993; Bush et al., 1997; 
Clay and Schardl, 2002; Schardl, 2009). N-formylloline, ergovaline and peramine are 
produced in most E. coenophiala infected tall fescue (Schardl, 2009). Alkaloid 
production is influenced by several factors, such as host grass genotype, developmental 
stage, nutrient conditions and season (Faeth et al., 2002).  For example, Clay (1990) 
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found that younger plant leaves had higher alkaloid levels than old leaves. Rogers et al. 
(2011) studied the ergovaline seasonal fluctuation and indicated that ergovaline 
concentration was lowest in spring but increased in early autumn dramatically (Rogers et 
al., 2011). They also found that total ergot alkaloid was highest in spring and fall, lowest 
in summer (Rogers et al., 2011).  Thus, they reached the conclusion that endophyte 
infected tall fescue should be much more toxic in the fall and less toxic in summer 
(Rogers et al., 2011).  Nitrogen fertilization increased the ergot alkaloid concentration in 
tall fescue which may suggest an increase in allelopathic effects of tall fescue on other 
plants (Clay and Schardl, 2002; Luu et al., 1982). Ergovaline produced by E. coenophiala 
infected tall fescue is toxic to livestock (Arechavaleta et al., 1992; Schardl, 2009). 
Peramine is an anti-insect alkaloid and perhaps only the multifunctional protein that is 
encoded by the perA gene is required for its biosynthesis (Schardl, 2009). Also, N-
formylloline (NFL) and N-acetylloline (NAL), which are pyrrolizidine alkaloids, were 
found in the leaf blades, pseudostems and roots of E. coenophiala infected tall fescue 
(Burhan., 1984; Bush et al., 1993). The N-formylloline biosynthesis pathway is proposed 
to be determined by novel γ–substitution reaction (Schardl et al., 2007). There is no NFL 
and NAL in roots of E+ tall fescue when grown in solution, but NFL and NAL were 
found in roots of plant grown in soil and sand culture (Bush et al., 1993). This result 
suggested that alkaloids produced in leaf sheaths and stems were translocated to roots via 
phloem. The synthesis of NFL depends on the synthesis of loline. Seeds of endophyte 
infected tall fescue contain the highest level of loline alkaloids, which were also found in 
rachis, leaf blade, leaf sheath and stem (Bush et al., 1993). Lolines also have anti-insect 
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activity and they may affect root growth and architecture via growth regulators (Schardl, 
2009; Schardl et al., 2007). 
In live E+ tall fescue (KY-31), alkaloid levels, including loline and ergot 
alkaloids, were both higher than in live or dead E- tall fescue (Siegrist et al., 2010). They 
also found that difference of mass loss between E+ and E-  was less than 3% after 21 
days incubation, whereas alkaloids in E+ material almost disappeared after 56 days 
(Siegrist et al., 2010). Thus, they proposed that alkaloids may not be the major reason 
why endophyte infection decreased decomposition rates.  
2. Phenolics 
Phenolic compounds are types of secondary metabolites synthesized in plants via 
the shikimate-phenylpropanoid-flavonoid pathway naturally or induced when attacked by 
other organisms (Lattanzio et al., 2006). Some examples of phenolics include ferulic acid, 
gallic acid, quercetin and juglone. They contain a benzene ring and a hydroxyl group, 
synthesized in chloroplasts and accumulated in vacuoles of guard cells and epidermal 
cells (Kefeli et al., 2003). Also, phenolics, alkaloids, fatty acid and terpenoids are 
involved in allelopathic effects (Inderjit, 1996). The allelopathic effect from tall fescue 
will influence other plants and seedling growth in the field (Renne et al., 2004). For 
example, reduced seedling emergence and germination of Elymus spp. by high density of 
tall fescue seedlings could have been caused by phenolics (Renne et al., 2004). Phenolics 
are involved in pigmentation, pathogen defense, plant growth and signaling (Lattanzio et 
al., 2006). Sometimes phenolics polymerize to lignin to strengthen the cell wall (Kefeli et 
al., 2003). Also, phenolics existed in the surface of plant organs (Lattanzio et al., 2006). 
Since phenolics play an important role in plant allelopathic effects, they enter into the soil 
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by leaching, root exudates, dead plant decomposition or volatiles (Lattanzio et al., 2006; 
Lipinska and Harkot, 2007). When phenolics are released to resist pathogens and 
herbivores, plants then use the resources synthesized via photosynthesis to generate more 
phenolics and phenolics can also be used as substrates for lignin biosynthesis (Lattanzio 
et al., 2006; Lipinska and Harkot, 2007).  For the phenolics to exist in the soil, they are 
involved in formation of the humus and very important in nutrient cycling (Appel, 1993; 
Kefeli et al., 2003). For example, phenolics can increase the availability of phosphorus 
and also decrease the toxicity of aluminum (Malinowski et al., 1998a; Malinowski and 
Belesky, 1999b).  
Also, phenolic compounds are found to be a defense against oxidative stress 
(Malinowski and Belesky, 2006). They are produced when the host plant suffered 
drought, diseases and metal toxicities to resist reactive oxygen species (ROS) (Aly et al., 
2011). Endophyte infected tall fescue produced more phenolic compounds under water 
stress, and superoxide dismutase (SOD) activity was also higher in endophyte infected 
plants (Malinowski and Belesky, 2006). Bonnet et al. (2000) found Epichloë festucae var. 
infected ryegrass increased SOD and ascorbate peroxidase (APX) activity under Zinc 
stress to resist oxidative stress (Bonnet et al., 2000).  
F. Benefits conferred to tall fescue for hosting E. coenophiala 
In the field, endophyte infected tall fescue can be more productive than endophyte 
free tall fescue (Bouton et al., 1993).  It is most likely that much of this increase in 
productivity is due to enhanced resistance to disease, herbivory, drought and metal 
stresses attributed in large part to the alkaloids produced by the endophyte. There is also 
evidence that E. coenophiala directly increases vegetative production by producing the 
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growth hormone indole-3-acetic acid (IAA) or conjugates of auxin. Alternatively, White 
and Torres (2010) demonstrated that enhanced growth of endophyte infected tall fescue 
under environmental stressful conditions may result from endophyte infected tall fescue 
having constitutively higher levels of antioxidants (e.g. phenolic antioxidants) in response 
to ROS produced and carbohydrate compounds secreted by the endophyte (White and 
Torres, 2010). The following paragraphs will cover in more detail some of these benefits.  
1. Plant physiological responses 
In addition to alkaloids, there are other secondary metabolites produced by 
endophyte that affect the physiological performance of the plant.  Indole-3-acetic acid 
(IAA) is a kind of plant hormone that relates to cell division and plant growth (Nigovic et 
al., 1992). Conjugates are involved in transport and store auxin in the plant (Nigovic et 
al., 1992). N-Indol-3-ylacetyl-L-norleucine, an amino acid conjugate, is also a structural 
component of ergot alkaloid (Nigovic et al., 1992). Porter et al. (1985) suggested that 
when a plant was attacked by pathogens, IAA production in the plant was triggered, and 
alkaloids produced by fungi may bind IAA to inhibit the repair of damaged cell walls. 
Then fungi could absorb nutrients from the leaky cell (Porter et al., 1985). Porter et al. 
(1985) identified 3-indole acetic acid produced when Balansia epichloë was grown on 
tryptophan medium (Porter et al., 1985). IAA (auxin) produced by E. coenophiala was 
also detected in tall fescue (De Battista et al., 1990; Tan and Zou, 2001). Marks and Clay 
(1996) compared the photosynthetic rate of endophyte infected and endophyte free tall 
fescue and  showed that the endophyte increased carbon exchange rate and 
photosynthetic rate at high temperatures (more than 35°C) (Marks and Clay, 1996). 
Newman et al. (2003) performed a study examining the influence of endophyte infection 
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on  photosynthesis, chemical composition and digestibility of tall fescue under  elevated 
CO2  and nitrogen concentrations and, as with Marks and Clay (1996), found endophyte 
infected tall fescue to have a higher rates of  photosynthesis than endophyte free plants 
(Newman et al., 2003).  
2. Drought tolerance 
Endophtye infected compared to non-infected tall fescue has been shown to 
perform better under drought stress conditions (Bacon, 1993; Bayat et al., 2009; Clay, 
1990; Clay and Schardl, 2002).  Sugar accumulation in the stem bases of endophyte 
infected tall fescue could be a way to decrease water potential under water deficit 
(Assuero et al., 2006). The reason for this better performance has been attributed to the 
loline alkaloids which may alter the osmotic potential and act as osmoregulators in the 
plant cell (Clay and Schardl, 2002; Malinowski and Belesky, 2000).  Also, different plant 
tissues have different sensitivities in osmotic potential adjustment. Bacon (1993) 
suggested that young leaf tissues regulate osmotic potential better than old leaf tissue of 
tall fescue, and osmotic potential decreased much more in E- tall fescue leaf sheaths and 
tillers under water stress compared to E+ (Elmi and West, 1995).  Another way to resist 
drought stress is leaf rolling, which was shown to happen faster in endophyte infected 
compared to endophyte free tall fescue (Bacon, 1993; Clay, 1990). Bayat et al. (2009) 
conducted an experiment on the effect of endophyte on tall fescue drought tolerance in 
hydroponic system, and showed that E. coenophiala enhanced tall fescue drought 
tolerance via several mechanisms. Endophyte infected tall fescue was found to contain 
higher proline and chlorophyll concentrations, and greater membrane stability as well as 
greater K+ concentrations in some of tall fescue genotypes and endophyte combinations 
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(Bayat et al., 2009). Since potassium is an important ion inside of the plant cell that 
regulates the osmotic potential, accumulation of potassium in the plant cell may be 
another way of enhanced drought tolerance (Bayat et al., 2009). Proline, a type of amino 
acid, is also the product of ergot alkaloid breakdown. Glycerol, which functions as an 
osmotic regulator in drought tolerance, was found to be higher in endophyte infected tall 
fescue than in endophyte free plants (Bacon, 1993). Stomatal conductance in E+ tall 
fescue decreased earlier than E- tall fescue after water stress and this decreased plant 
transpiration (Elmi and West, 1995; Malinowski and Belesky, 2000). Increased root 
length and density is also another way to increase water absorption from soil.  
3. Nutrient acquisition 
E. coenophiala can increase the mineral uptake from the soil in tall fescue 
(Matthews and Clay, 2001). Ren et al. (2007) reported that endophyte infected ryegrass 
increased P use efficiency rather than P uptake rate compared to E- plants (Ren et al., 
2007). Phosphorus is an essential nutrient for most all living things; also phosphorus level 
affects the uptake of other nutrient elements by the plant roots perhaps due to root 
exudate production. Root morphology and biomass could be altered in endophyte 
infected tall fescue under phosphorus deficiency (Elmi et al., 2000). Different tall fescue 
genotypes responded in different ways under P stress (Malinowski et al., 2000). Increased 
P concentration in soil increased the root and shoot biomass of tall fescue much more in 
E- tall fescue than E+ tall fescue (Franzluebbers, 2006; Malinowski et al., 1998b). Under 
phosphorus deficiency, root hair length increased while the root diameter decreased in 
endophyte infected tall fescue, which resulted in greater root surface area and an 
increased root length (Malinowski and Belesky, 1999a; Malinowski et al., 1998b; 
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Malinowski et al., 1999). Endophyte infected tall fescue decreased nematode numbers in 
the environment compared to endophyte free tall fescue. Since nematodes are root-
grazing organisms, decreased nematode number may maintain the root growth and also 
uptake more P from environment (West et al., 1988). Moreover, Malinowski et al. (1998) 
reported that Zn, Fe and Al levels in roots of E+ tall fescue were higher than in E- tall 
fescue under P treatment. Total phenolic compounds are higher in endophyte infected tall 
fescue than endophyte free tall fescue. Phenolic compounds can bind Al, Fe, Cu to form a 
complex then release the P in the soil and they can increase Fe3+ reducing activity 
(Malinowski et al., 1998a). Also, phenolic compounds can compete with P on the binding 
site on clay and humus to release P (Malinowski et al., 1998a). Cu2+ binding activity of 
root exudates from endophyte infected tall fescue was higher under P stress compared to 
endophyte free tall fescue. This is a strategy for E+ tall fescue to resist P stress 
(Malinowski et al., 2004).   
Bacon (1993) found that E. coenophiala infected tall fescue used nutrients (e.g. 
nitrogen) much more effectively than endophyte free tall fescue (Arachevaleta et al., 
1989). E. coenophiala infection influenced the nitrogen metabolism in the plant probably 
via glutamine synthetase (Lyons et al., 1990). Since endophyte presence increased 
glutamine synthetase activity, not nitrate reductase activity, under low and high nitrogen 
fertilization, together with higher content of total amino acid in blade and leaf sheath, 
they indicated that maybe NH4+ reassimilation was affected by the endophyte in tall 
fescue (Lyons et al., 1990).   
Plant genotype and soil type are the factors that influence tall fescue nutrient 
acquisition (Rahman and Saiga, 2007). Rahman and Saiga (2005, 2007) grew E+ and E- 
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tall fescue in Black Andisols (low phosphorus, high other nutrients) and Red Andisols 
(high phosphorus, low other nutrients) and analyzed the differences in nutrient content in 
the plant. They found higher P, K, Ca and Mg transport and uptake in E+ tall fescue 
compared E- tall fescue in Black Andisols and also higher manganese content in E+ tall 
fescue in both soils (Rahman and Saiga, 2007).   
4. Biotic stress tolerance - Insect herbivory and fungal pathogen attack 
E. coenophiala infected tall fescue better resisted attach by herbivores, pathogens 
and nematodes than E- tall fescue (Hoveland, 1993; Malinowski and Belesky, 2006), due 
to the bioprotective alkaloids they produce in the plant, such as ergot alkaloids, loline 
alkaloids and peramine (Clay et al., 2005; Hunt and Newman, 2005). Alkaloids are 
responsible for the toxicity to insect and mammalian herbivores. Herbivore, such as 
aphids and fall armyworms prefer endophyte free tall fescue than endophyte infected tall 
fescue (Clay, 1989).  Seeds of tall fescue also contain alkaloids that deter insects and 
other herbivores.  Loline was reported less toxic to mammals but responsible for the 
allelopathic properties of the plants (Luu et al., 1982; Tan and Zou, 2001).  
A similar result was also found by Clement et al. (1990), who suggested that 
E.coenophiala suppressed the number of Russian wheat aphids (Clement et al., 1990).  
Johnson et al. (1985) found that endophyte infected tall fescue inhibited aphid 
(Rhopalosiphum padi and Schizaphis graminum) feeding, demonstrating that they cannot 
survive on E+ tall fescue. The causative agent found to be deterring aphid feeding was 
pyrrolizidine extracted from endophyte infected tall fescue seeds.  Hunt and Newman 
(2005) analyzed influences of novel endophyte (AR542) infected tall fesecue cultivar 
Georgia 5, endophyte free tall fescue and commons strain infected tall fescue on 
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Rhopalosiphum padi. Their results indicated that AR542 can’t protect tall fescue from 
aphids as well as does common strain tall fescue. Results from Guo et al. (1992) 
concluded that E. coenophiala didn’t affect the infection of mycorrhizal fungi, but 
affected colonization and sporulation (Guo et al., 1992). This result may be because 
growth of E. coenophiala since it requires time before the fungus expands in shoots from 
the embryo of seeds (Guo et al., 1992). Numbers of the root-knot nematode Meloidogyne 
marylandi were near zero in soil grown with E+ tall fescue, but in soils where  E- tall 
fescue was growing , nematode numbers increased (Elmi et al., 2000).  Bacetty et al. 
(2009) also demonstrated that ergovaline is the major alkaloid responsible for the death 
of nematodes (Pratylenchus scribneri). Milkweed bug was also deterred by endophyte 
infected tall fescue seed extracts (Yates et al., 1989). Yates et al. (1989) used the same 
solution to extract alkaloids as Elmi et al. (2000), and used multiple toxic alkaloids as 
deterents, such as ergocryptine and halostachine. Endophyte free tall fescue has higher 
species richness of spiders than did endophyte infected tall fescue (Finkes et al., 2006). 
Another nematode study (Timper et al., 2005) focused on influence of non-ergot E. 
coenophiala infected tall fescue on nematodes (Pratylenchus zeae and P. scribneri). 
Their data suggested that AR542 and AR514 endophyte infected Georgia-5 and Jesup tall 
fescue didn’t deter nematodes used in the experiment, but AR584 infected Georgia-5 
deterred Pratylenchus spp. introduced into the soil. Moreover, the inhibition caused by 
AR584 infected Georgia-5 was less than common endophyte infected tall fescue. AR584 
and Jesup combination didn’t have any inhibition on nematodes. Therefore, it appears 
that tall fescue cultivar is a factor that influences the alkaloid production and inhibition of 
nematode (Timper et al., 2005). However, E.coenophiala does not affect all insect in the 
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invertebrate communities similarity (Bultman and Bell, 2003; Vesterlund et al., 2011). 
Although endophyte inhibited performance of aphids and fall armyworm (Spodoptera 
frugiperda) were not affected by endophyte (Bultman and Bell, 2003). Similar results 
were found in Neotyphodium endophyte infected Acbnatberum robustum (sleepygrass) 
which indicated that native grasses with endophyte didn’t affect the arthropod herbivores 
(Jani et al., 2010). In contrast, E+ sleepgrass increased herbivore abundance and evenness 
of arthropod communities (Jani et al., 2010). Possible reasons for those results may be the 
tolerance of herbivores to alkaloids in this natural community (Jani et al., 2010).  
G. Negative effects on mammalian herbivores 
As early as 50 A.D., reports emerged about endophyte infected grasses causing 
sickness in animals (Bacon, 1995).  As discussed in section C above, the first record of 
toxicity to grazing animals caused by endophyte infected tall fescue was in 1948 in New 
Zealand and later in the 1950’s in the United States (Bacon, 1995). It wasn’t until the late 
1970’s and with feeding trials in the early 1980’s, those alkaloids were finally implicated 
as the reason endophyte infected tall fescue affects cattle negatively.  Ergot alkaloids, 
such as ergovaline, produced by E. coenophiala in tall fescue play the most important 
role in toxicity (Bush et al., 1997).  FEB-200TM, a yeast cell wall extract was used to 
increase excretion of ergot alkaloids in cattle to eliminate fescue toxicity (Christiansen et 
al., 2007). Peramine 1 was found in E. coenophiala infected tall fescue and showed 
toxicity to insects but no harmful effects on mammals (Tan and Zou, 2001).  
While the alkaloids produced by the endophytes confer many positive traits in tall 
fescue contributing to its widespread persistence, they are also responsible for an 
estimated $600 million in annual beef cattle losses due to animal weight loss and reduced 
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calf births (Hoveland, 1993). In addition, alkaloids have been linked to animal health 
issues in horses (Christiansen et al., 2007; Ryan et al., 2001), sheep (Burke et al., 2002), 
goats (Smith et al., 2004) and Canadian geese (Conover and Messmer, 1996) with 
enormous monetary consequences. Conover and Messmer (1996) studied with influence 
of grazing endophyte infected tall fescue on Canada Geese, they found that Canada Geese 
lost their weight which was reversible and could gain the weight again by changing their 
diet (Conover and Messmer, 1996). 
Studies on beef cattle found that grazing on E+ tall fescue also affected cattle 
performance negatively and high temperature increased the fescue toxicosis (Paterson et 
al., 1995). Beef cattles lost weight and pregnancy rates and milk production were 
negatively affected when they grazed E+ tall fescue (Hemken et al., 1981; Paterson et al., 
1995; Schmidt and Osborn, 1993). E+ tall fescue decreased cow daily weight gain 
compared to when the cows grazed E- tall fescue (Beck et al., 2008; Hemken et al., 1981; 
Paterson et al., 1995; Schmidt and Osborn, 1993). But if cattle grazed novel endophyte 
(AR542) infected tall fescue, their gain would be greater than common toxic endophyte 
infected tall fescue (Beck et al., 2008). The alkaloids produced by E.coenophiala result in 
muscular disorders, weight loss, induce animal disease, such as fescue foot, toxicosis or 
summer fescue toxicosis, and agalactia and fat necrosis; all ultimately decreasing animal 
fitness and meat quality (Bacon, 1995; Clay, 1990; Hoveland, 1993; Paterson et al., 
1995). Fescue foot is a syndrome that includes the loss of cattle ears, and tail tips, and in 
extreme cases hooves and feet caused by thrombosis of the arteries (Schmidt and Osborn, 
1993). There are many syndromes defined as fescue toxicosis, such as rough hair of 
cattle, and low resistance to high temperatures (Paterson et al., 1995). Also, Schmidt and 
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Osborn (1993) found endophyte infected tall fescue caused horse disorder, such as 
overgrown hooves and bad teeth. The research on mares in gestation also showed similar 
results, such as grazing on endophyte infected tall fescue decreased prolactin and 
progesterone level in mares’ bodies (McCann et al., 1992). Such decreases may be 
because degradation by the kidneys was increased, or synthesis of prolactin was 
decreased, by alkaloids produced by endophyte (Hurley et al., 1980; McCann et al., 
1992). Similar results of prolactin decreases were found in calves, suggesting that high 
temperature enhanced influence of endophyte infected tall fescue on prolactin, thyroxine 
(T4) and triiodothyronine (T3) positively. The enhancement of respiration rate of calves 
grazing endophyte infected tall fescue at higher than 31°C was observed (Hemken et al., 
1981). Thus, environmental temperature also affected the performance of cattle grazing 
endophyte infected tall fescue.  
H. Influence on ecosystem function 
1. Microbial community structure and function 
Root exudates regulate the soil microbial structure and diversity in the 
rhizosphere via two mechanisms, inhibiting the growth of microorganisms by the 
antifungal effect of root exudates, or increasing the abundance of microbes by growth-
enhancing exudates (Broeckling et al., 2008). Study on microbial community dynamics 
found that endophyte infection in tall fescue decreased glomalin concentration in macro-
aggregates and negatively influenced the microbial utilization of substrate groups, such as 
carbohydrates, carboxylic acid and amine substrates (Buyer et al., 2011). Chu-Chou et al. 
(1992) did an experiment on how E. coenophiala infected tall fescue influenced 
mycorrhizal fungi density. They mixed mycorrhizal spores into soil supporting the 
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growth of endophyte infected or endophyte free tall fescue seedlings. Results showed that 
E.coenophiala presence lead to lowed mycorrhizal fungi reproduction and also decreased 
sporulation of mycorrhizal fungi (Chuchou et al., 1992). Endophyte infected tall fescue 
significantly affected the rhizosphere archaeal community, but had no apparent effect on 
the bulk soil archaeal community (Jenkins et al., 2006). Soil fungal activity was increased 
and bacterial community structure was shifted by endophyte infected annual ryegrass 
(Lolium multiflorum) (Casas et al., 2011).  
Jenkins et al (2006) used  oligonucleotide probes to detect the soil microbial 
components and found that endophyte infected tall fescue suppressed the soil microbial 
components which also depended on the soil type, also, such suppression may increase 
the soil carbon sequestration in the long-term (Iqbal et al., 2012; Jenkins et al., 2006). 
Soil type, endophyte and sampling period are also important factors that affected 
glomalin level (Buyer et al., 2011). Arbuscular mycorrhizal, high G+C gram positive 
bacteria and planctomycetes community were also inhibited by endophyte infection in 
different soil types (Buyer et al., 2011; Jenkins et al., 2006).  Moreover, endophyte may 
decrease pH of soil and generate an environment better for fungi rather than bacteria 
(Casas et al., 2011).  
2. Carbon and nitrogen pool 
At similar nutrient levels, ‘Kentucky 31’ tall fescue has been shown to produce 
more biomass than E- tall fescue (Cheplick et al., 1989; Franzluebbers, 2006). In short 
term experiments, carbon mineralization and soil microbial biomass decreased, but 
nitrogen mineralization and nitrogen biomass in soil microbial community increased in 
E+ tall fescue soil compare to E- tall fescue (Franzluebbers and Hill, 2005; Malinowski et 
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al., 2000). Total, particulate and mineralizable carbon nitrogen were greater in E+ tall 
fescue than E- tall fescue (Franzluebbers, 2006; Franzluebbers et al., 1999). As suggested 
by the authors, alkaloid may inhibit soil microbial activity and then lead to the changes in 
carbon and nitrogen accumulation (Franzluebbers, 2006; Franzluebbers and Hill, 2005; 
Handayani et al., 2011). Franzluebbers (2006) suggested that the higher yield in E+ tall 
fescue might explain the increase in soil carbon and nitrogen pools over E- levels. Net 
nitrogen mineralization was found higher in highly endophyte infected tall fescue than 
under the low endophyte infected tall fescue stands (Franzluebbers et al., 1999). 
Similarly, Iqbal et al. (2012) observed higher soil organic carbon, total nitrogen, non-
particulate organic matter carbon and nitrogen pools in endophyte-infected tall fescue 
fields stands compared to endophyte free stands (Iqbal et al., 2012). Handayani et al. 
(2011) found that mineralization of carbon was lower in E+ samples (Handayani et al., 
2011). They suggested that total carbon and particulate carbon were not affected by 
endophyte infection, but microbial biomass carbon (MBC) and mineralizable carbon 
were higher and lower in E+ tall fescue field than E- tall fescue field, respectively 
(Handayani et al., 2011).  
3. Plant diversity alternation 
Because of the competitive advantage the endophyte provides tall fescue and the 
wide dispersal of endophyte infected seeds for use in pasture systems, tall fescue has 
been able to outcompete native plant species and in many states is considered an invasive 
species.  
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a. Endophyte genotype and tall fescue cultivar 
In some recent studies, E+ tall fescue has been shown to replace the other species 
and became the dominant ones in the plots (Rudgers and Clay, 2008; Rudgers et al., 
2010b). Endophyte increased the ability of  tall fescue to invade the novel plant 
community (Rudgers et al., 2005).Tall fescue has many different cultivars, and the 
endophyte also has different genotypes, whether the different tall fescue cultivars and 
endophyte genotypes combinations will alter the field plant community structure 
becomes a problem that people want to figure out. Tall fescue with KY31 led to lower 
plant diversity than tall fescue with AR542, while Georgia-5 with KY31 reduced plant 
diversity more than Jesup with KY31(Rudgers et al., 2010b). This suggests that AR542, 
as a novel endophyte, performed better than common toxic endophyte (KY31) in 
maintaining plant community composition. Tall fescue infected by both AR542 and 
KY31 increased tree species richness more than E- tall fescue; this means tree abundance 
was influence by endophyte genotype. Since the responses of total biomass, seedling 
biomass and emergence of tree species varied in non-sterile and sterilized soil, E+ tall 
fescue and E- tall fescue may be shape the soil microbial community differently which 
will affect the plant succession and the tree species community directly or indirectly 
(Rudgers and Orr, 2009).  
b. Herbivore-plant feedbacks 
The influence of herbivores on the plant community structure and endophyte-tall 
fescue symbiosis has been observed in previous study (Clay et al., 2005). Clay et al. 
(2005) showed that herbivore presence increased frequency of endophyte and plant 
biomass in tall fescue stands. Even if the herbivore pressure is low, frequency of infection 
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was also increased at this site. Although insect herbivory and mammalian herbivory 
played important roles in increasing the frequency of infection, insect herbivory did not 
influence the tall fescue biomass as much as mammalian herbivory did. Also, mammalian 
herbivory decreased biomass of forbs and other grasses but increased tall fescue biomass 
(Clay et al., 2005). Thus, herbivores alter plant community structure when endophyte 
infected tall fescue is present.  
4. Influence on herbivore and carnivore diversity 
Endophyte infected tall fescue may indirectly influence herbivore and carnivore 
diversity in the ecosystem (Rudgers and Clay, 2008). Voles prefer endophyte free tall 
fescue over endophyte infected plants no matter what the endophyte genotype is (Rudgers 
et al., 2010b). Voles decreased their damage to tall fescue that was infected by KY31 and 
AR542. Maybe alkaloids produced by KY31 are the most important reason (Rudgers et 
al., 2010b). Endophyte presence in the tall fescue community has also been shown to 
alter arthropod diversity. Rudgers and Clay (2008) found that abundance and diversity of 
both herbivorous and carnivorous arthropods were decreased dramatically due to the 
endophyte and tall fescue symbiosis via the food web in this ecosystem. Endophyte 
effects on arthropods may also affect the energy flow in the food web from lower to 
higher levels of organisms (Rudgers and Clay, 2008).  
I. Removing the mammalian toxic alkaloids  
1. Artificial infection with novel endophytes  
Toxic alkaloids are responsible for a large amount of animal weight loss and 
reduced calf births (Hoveland, 1993). Novel endophytes are naturally occurring 
endophyte strains that retain many of the advantages that infection with the common 
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toxic endophyte gives to the plant but lack the ability to produce the mammalian-toxic 
alkaloids that are the causative agents of fescue toxicosis.Cattle that graze novel 
endophyte infected tall fescue show increased weight and pregnancy rate compared to 
cattle graze on common toxic endophyte infected tall fescue.  
After the endophyte was killed in PDF/E+ tall fescue, novel endophyte was 
inserted into endophyte free plants (Hopkins et al., 2011). Latch and Christensen (1985) 
artificially inoculated tall fescue seedling by fungus mycelium. Under sterile conditions, 
they soaked endophyte free seeds in sodium hypochlorite solution for 20 minutes and 
incubated them for 5-16 days in dark. Mycelium was inserted into yound seedlings 
between the mesocotyl and coleoptiles at places on the shoot that were undamaged or 
damaged by scalpel (Latch and Christensen, 1985). The inoculated seedlings were 
incubated in dark for 10-15 days, and mycelia growth happened at 7-17 days after 
inoculation. Some of the seeds from inoculated plants were infected by endophyte (Latch 
and Christensen, 1985). Moreover, introducing novel endophyte into plants also needs to 
consider the influence of plant cultivar and environmental factors on endophyte 
concentration and alkaloid concentration (Rasmussen et al., 2007).   
2. Genetic modification 
Another way to remove the toxic alkaloids in endophyte infected tall fescue is 
genetic modification of the endophyte. Panaccione et al. (2001) identified the peptide 
synthetase gene (lpsA) that is involved in biosynthesis of ergopeptine in Neotyphodium 
sp. Lp1. They knocked out the lpsA gene and eliminated the production of detectable 
ergovalines. The knockout of lpsA gene also eliminated productions of lysergic acid 
amides, but allowed the production of lysergic acid at lower level compared to wild type 
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(Panaccione et al., 2003). Knockout of dmaW gene has been shown to eliminate 
production of detectable ergovaline and clavinet alkaloids (Wang et al., 2004). The 
presence of endophyte and endophyte colonization was analyzed by immunoblot and 
quantitative PCR.  
J. Influence of endophyte infected tall fescue on root exudate chemistry 
Much of the focus to date on the endophyte tall fescue association has been placed 
on the above ground properties related to plant fitness and animal toxicosis with very 
little attention played to the influence this association has on below ground plant and soil 
processes.  Receiving even less attention has been the influence that altering the 
endophyte-plant genetic combinations might have on below ground processes.  In the 
next section I will define what root exudates are, how and how much are allocated to the 
rhizosphere, what climactic and edaphic factors influence their production and what 
influence this has on soil processes from the rhizosphere to ecosystem scale.     
1. What are root exudates 
The rhizosphere is a dynamic environment for both plants and soil 
microorganisms. The endorhizosphere which includes the cortex and endodermis parts, 
the rhizoplane which contains root epidermis and mucilage parts, and the ectorhizosphere 
from the rhizoplane to bulk soil are components of the rhizosphere. Rhizodeposits are 
root products releases from roots to the surrounding soil (McNear, 2013). Examples of 
rhizodeposits are mucilage, sloughed-off border cells and root caps, and root exudates. 
Mucilage is a gelatinous layer that contains polysaccharides, proteins and phospholipids 
surrounding the root tips (Jones et al., 2009).  Border cells secrete mucilage, after they 
sloughed off from the root cap to the surrounding soil, they may be still alive (Jones et 
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al., 2009). Root exudates are comprised of carbon compounds that are released from plant 
roots into rhizosphere, such as organic acids, fatty acids, amino acids, sugars, phenolics 
and proteins (Broeckling et al., 2008; Jones et al., 2004; Jones et al., 2009; Malinowski et 
al., 1998a; Van Hecke et al., 2005). About 5-10% of the fixed net carbon is lost via root 
exudation (Jones et al., 2004). These components exude to rhizosphere actively (phenolic 
and enzymes), or passively diffuse from cell or via exocytosis (high molecular weight 
components) (Jones et al., 2009). There are several factors from the plants and soil 
system that influence the release of root exudates, such as plant species, nutrient 
deficiency, water avalibility, temperature, pathogens, soil type, texture and pH (Jones et 
al., 2004).  
Previous research focused on plant root exudates suggested that root exudates 
could influence the association between the plant and microorganisms (Broeckling et al., 
2008). Plants also could regulate the microbial community via these secondary 
metabolites. Broeckling et al. (2008) used root exudates from Arabidopsis thaliana and 
Medicago truncatula and found that the root exudates are the factors that influence soil 
fungal populations. Recent studies indicated that root exudates was affect soil microbial 
biomass, population and community (Hamilton and Frank, 2001; Innes et al., 2004) and 
fatty acid diversity (Batten et al., 2006). Exuding carbon and uptaking OH- or H+ to 
balance the ion equilibrium can influence the soil Ph and then affect nutrient availability 
(Jones et al., 2004; Marschner et al., 2011). Organic acid anions were demonstrated to 
increase Ca-phytate dephosphorylation and decrease P sorption (Marschner et al., 2011).  
 
 
27 
 
2. Root exudates from tall fescue  
Since alkaloids concentrated in the leaf sheath and stem could be translocated to 
other parts of tall fescue, some alkaloids may also be found in the roots (Bush et al., 
1993). Are these alkaloids exuded from the root to the soil environment? And, what 
happens below ground as far as the reaction between the roots of tall fescue and the soil? 
More questions come out. Is there anything else exudes from roots of tall fescue? And is 
there any difference between different tall fescue cultivars and endophyte-genotype 
combinations in rhizodeposits?  
Van Hecke et al. (2005) grew E+ and E- tall fescue for 9 weeks and then used 
microlysimeters to collect root exudates. More carbohydrates and organic carbon were 
found in E+ tall fescue exudates. Soil in the E+ tall fescue samples also has higher 
respiration rates compared to E- tall fescue samples (Van Hecke et al., 2005). These 
results suggested that endophyte in tall fescue could influence the soil microbial activity 
and also nutrient acquisition (Malinowski et al., 1998a; Paterson et al., 2007; Van Hecke 
et al., 2005). Also, endophyte infected tall fescue contains higher total phenolics 
compounds in their root exudates which maybe relate to nutrient acquisition (Malinowski 
et al., 1998a; Malinowski and Belesky, 1999a). Root exudates from endophyte infected 
tall fescue also could help increase Cu2+ binding activity to release P in the soil solution 
(Malinowski et al., 2004). The organic acids in root exudates also could form complexes 
with metal or acidify the soil environment, enhancing nutrient acquisition of the plant 
from soil when endophyte infected tall fescue suffers nutrient stress (Jones et al., 2004; 
Malinowski et al., 1998a). Fe3+ reducing activity of reductants from tall fescue roots and 
Fe3+ reduction rate increased in endophyte infected tall fescue. After endophyte infected 
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tall fescue suffered P deficiency, Fe3++ reducing activity also increased compared to 
endophyte free tall fescue (Malinowski et al., 1998a). Also, increased phenolic 
compounds in endophtye infected tall fescue were involved in resistance to aluminum 
stress by chelating with Al to form non-toxic complexes (Malinowski and Belesky, 
1999b). 
Until now, most of the studies focused on the influence of above-ground alkaloids 
in endophyte infected tall fescue on cattle, and other herbivores, and on roles of alkaloids 
and other secondary metabolites in shoots and roots of endophyte infected tall fescue in 
drought and nutrient tolerance. Root exudates released from tall fescue are not very well 
understood. Tall fescue and E. coenophiala association is still controversial, it is 
important to identify endophyte infected tall fescue root exudate composition and the 
influence of the root exudates on the microbial community and soil carbon and nitrogen 
pool.   
K. Project objectives  
1. Objective 1:  Determine the influence of fungal endophyte genotype and tall fescue 
cultivar on root exudate chemistry 
Tall fescue (Lolium arundinaceum (Schreb.)) is a cool-season perennial grass 
within which lives a fungal endophyte (E. coenophiala) thought to provide tall fescue 
with a greater competitive ability compared to its non-infected neighbors.  Because of the 
negative consequences of this association with respect to animal health, research has 
focused on elucidating the chemical components (i.e. alkaloids) produced by 
E.coenophiala, with very little attention paid to the influence the relationship has on 
rhizosphere processes. While there is some evidence to suggest that endophytes play a 
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role in altering classes of chemical compounds in root exudates (e.g. phenolics, 
carbohydrates, etc.), there are currently no detailed studies on whether this symbiosis 
influences the release of specific chemical compounds.  Further, all of the work to date 
on the chemical composition of root exudates from tall fescue has focused on common 
toxic endophyte infected tall fescues and none has examined the influence of the newer 
novel endophyte strains or their interaction with different tall fescue cultivars. My 
objective was therefore to evaluate how fungal endophyte status interacts with fescue 
cultivar to affect plant growth and root exudate chemistry. I examined tall fescue 
cultivars, PDF (Pasture Demonstration Farm) and 97TF1(The Samuel Roberts Noble 
Foundation, Ardmore, OK), which were either endophyte-free (E-), infected with the 
common toxic strain (CTE+), or infected with one of two novel endophyte strains 
(AR542E+ and AR584E+).  Plants were grown in sterile hydroponic culture for 21 days 
after which root and shoot biomass of the plants were determined and exudates analyzed 
for total organic carbon, total phenolic content, and chemical composition via GC-TOF-
MS.   
2. Objective 2: Evaluate how differences in root exudate chemistry influence rhizosphere 
microbial community structure and function 
Root exduates released by the plant can influence soil microbial community 
structure, and a myriad of related rhizosphere processes. Some environmental factors can 
also influence the composition of root exudates, such as fungal endophyte colonization, 
plant pathogens, and other abiotic factors. Also, environmental stresses could be another 
factor that alters root exudation, for example, drought and nutrient stress as discussed in 
the proceeding sections.  In Chapter 3 I will discuss the influence tall fescue cultivar and 
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endophyte genotype combinations have on rhizosphere microbial community structure 
and function. The tall fescue cultivar and endophyte I used in this chapter is the same as I 
used in Chapter 2 (PDF and 97 TF1). I will use rhizobox systems to grow grass for 10 
weeks and collect the root exudates by using miniature wick lysimeters at the end of this 
experiment. The root exudates will be used to analyze for composition via GC-TOF MS. 
Soil samples will be collected to characterize microbial community structure via MIDI 
system and soil enzyme activity on 96-well plate.    
3. Objective 3: Verify results from pure culture and rhizobox studies using field sites 
In Chapter 4 I will discuss my findings from field sites in Kentucky designed to 
validate the results obtained in Objectives 1 and 2. Soil samples (rhizosphere soil and 
bulk soil) were collected from tall fescue fields located in the University of Kentucky 
Spindletop Farm in which my same TF-endophyte combinations were growing and were 
brought back to the lab for analysis of soil organic matter fractions (total carbon, total 
nitrogen, dissolved organic carbon, dissolved organic nitrogen, particulate organic 
carbon, particulate organic nitrogen, non-particulate organic carbon, non-particulate 
organic nitrogen), soil moisture, soil respiration, soil enzyme activities, soil microbial 
biomass and microbial community structure.  
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II. CHAPTER 2 – ENDOPHYTE STATUS AND TALL FESCUE CULTIVAR 
INFLUENCE PLANT GROWTH AND ROOT EXUDATE CHEMISTRY 
A. Introduction  
Tall fescue [Lolium arundinaceum (Schreb.)Darbysh. = Schedonorus 
arundinaceus (Schreb.) Dumort.=, Festuca arundinacea Schreb. var. arundinacea 
Schreb.] is a perennial, cool season bunchgrass postulated to have arrived to the United 
States from Europe in the 1800s. ‘Kentucky 31’ is one of the most common tall fescue 
varieties in the U.S. today, and can host a shoot specific (i.e. not in the roots) fungal 
endophyte (Epichloë coenophiala) that can provide the plant with a competitive 
advantage over other co-occurring species and non-infected neighboring grasses. The 
endophyte-grass relationship has been described as a mutualism in which both partners 
benefit each other (Clay, 1990; Malinowski and Belesky, 2000).  E. coenophiala is an 
obligate symbiotic fungus, in that it cannot complete its life-cycle independent of its plant 
host.  It survives by growing intercellularly within the plant shoots, absorbing water, 
amino acids and sugars produced by the plant (Clay, 1990; Malinowski and Belesky, 
2000). In return, fungal-produced primary or secondary metabolites serve to protect the 
plant from herbivores and enhance tolerance to climactic and edaphic stresses, ultimately 
improving overall plant fitness (Bouton et al., 1993; Malinowski and Belesky, 2000).  
The effect of the endophyte on plant fitness, in some instances, has been shown to vary 
with plant genetic background (i.e. by cultivar) (Hill et al., 1990; Battista et al., 1990).   
Secondary metabolites, such as alkaloids and phenolic compounds, are 
ecologically important components produced by the endophyte and the host tall fescue 
plant, respectively.  Epichloë species, close relatives of E. coenophiala, produce 4 main 
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classes of alkaloids including ergot alkaloids, indole diterpenes, 1-aminopyrrolizidines 
and peramine (Bush et al., 1993; Bush et al., 1997; Clay and Schardl, 2002; Schardl, 
2009). N-formylloline, ergovaline and peramine are produced in most E. coenophiala 
infected tall fescue (Schardl, 2009). While the alkaloids produced by the endophytes can 
confer many beneficial traits for tall fescue, contributing to its widespread persistence, 
the alkaloids (specifically the ergot alkaloids) are also responsible for an estimated $600 
million in annual beef cattle losses due to animal weight loss and reduced calf births 
(Hoveland, 1993) - an ailment commonly referred to as fescue toxicosis. Fescue toxicosis 
has also been linked to animal health issues in horses (Christiansen et al., 2007; Ryan et 
al., 2001), sheep (Burke et al., 2002), goats (Smith et al., 2004) and Canada geese 
(Conover and Messmer, 1996).  
The source and physiological function of the toxic alkaloids, their role in 
ruminant nutrition and effects on aboveground ecological processes have received 
considerable scientific attention. Because of the impact on animal production, efforts 
have been made to replace common toxic strains of the endophyte (CTE+ – toxic to 
mammals and insects) with so-called ‘novel’ non-mammal-toxic strains that provide the 
advantages conferred by CTE+ strains to the plant, but that don’t produce the ergot 
alkaloids responsible for fescue toxicosis (Phillips and Aiken, 2009).  How the CTE+ 
strain of the fungus interacts with tall fescue to alter belowground processes has received 
some attention (McNear and McCulley, 2012; Franzluebbers and Stuedemann, 2005; 
Iqbal et al., 2012; Malinowski et al., 2000; Malinowski and Belesky, 1999a, b, 2000); 
however, less is known about how the interaction of novel fungal genotypes and tall 
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fescue cultivars influence rhizosphere biogeochemical processes such as nutrient cycling, 
microbial community structure and function, and root exudate production. 
Even though much of the attention has been on the alkaloids produced by E. 
coenophiala, it is unlikely that they are solely responsible for the wide range of 
ecological effects associated with endophyte infection, such as the observed increases in 
soil C and N storage in tall fescue pastures with a high incidence of endophyte infection 
of the southeastern U.S. (Franzluebbers, 2006; Franzluebbers et al., 1999a; Iqbal et al., 
2012).  The alkaloids are found only within the plant and have not been identified in 
exudates released from plant roots into the rhizosphere. There is only one study 
(Franzluebbers and Hill, 2005) where alkaloids were found in surface soils in pastures 
dominated by CTE+ tall fescue, but this may have been due to alkaloids leaching from 
decomposing leaf litter (Assuero et al., 2006), in which they can persist in measurable 
concentrations for up to 50 days (Siegrist et al., 2010).   Irrespective of alkaloids, there 
are a few studies that have found differences in root exudate chemistry resulting from 
infection of tall fescue with the CTE+.  Van Hecke et al. (2005) found more 
carbohydrates and organic carbon in root exudates of CTE+ than E- tall fescue (Van 
Hecke et al., 2005).  Malinowski et al. (1998, 1999a) also found that exudates from CTE+ 
tall fescue contained higher amounts of phenolic compounds compared to E- tall fescue 
which they attributed to increased P acquisition by CTE+ plants (Malinowski et al., 1998; 
Malinowski and Belesky, 1999a).  The effect of tall fescue genotype Flecha had greater 
Cu2+ - binding activity compared to Jesup regardless of endophyte status; while novel 
endophyte AR542 increased Cu2+ - binding activity under phosphorus deficiency 
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condition, which the authors attributed to differences in total phenolic compound 
exudation (Malinowski et al., 2004).  
Changes in root exudate amount and chemistry resulting from endophyte infection 
may contribute directly to endophyte associated differences in C and N quantities in 
pasture soils by altering inputs to these pools, or indirectly by altering the structure and 
function of the soil microbial community which governs the processing and turnover of 
these soil pools. Root exudates are comprised of carbon compounds such as organic, 
fatty, and amino acids, sugars, phenolics and proteins (Broeckling et al., 2008; Jones et 
al., 2004; Jones et al., 2009), several of which have been positively correlated with 
microbial activity (Vale et al., 2005). There are examples in the literature of other cool 
season grasses in which fungal endophyte infection has resulted in measurable shifts in 
microbial community structure and function.  For example, soil fungal activity was 
increased and bacterial community structure was shifted by endophyte infection in Italian 
ryegrass (Casas et al., 2011).   In another study, soils under CTE+ infected tall fescue had 
higher respiration rates compared to those soils under E- tall fescue (Van Hecke et al., 
2005).   E. coenophiala infected tall fescue was also found to support decreased 
mycorrhizal fungi populations with reduced sporulation and altered rhizosphere archaeal 
communities (Chuchou et al., 1992; Jenkins et al., 2006).  However, variability in 
aboveground fungal endophyte effects on belowground parameters has also been 
observed, with some sites having stronger effects than others (Iqbal et al. 2012).  
Although there is some evidence to suggest that endophytes play a role in altering 
classes of chemical compounds in root exudates (e.g. phenolics, carbohydrates, etc.), 
there are currently no detailed studies on whether this symbiosis influences the release of 
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specific chemical compounds.  Further, all of the work to date on the chemical 
composition of root exudates from tall fescue has focused on CTE+ tall fescue, and none 
have examined the influence of the newer novel endophyte strains or their interaction 
with different tall fescue cultivars. My objective was therefore to evaluate how fungal 
endophyte interacts with fescue cultivar to affect plant growth and root exudate 
chemistry. I hypothesized that endophyte status and tall fescue cultivar would have 
significant influence on plant biomass production and root exudate composition. 
To evaluate these hypotheses, I examined tall fescue cultivars, PDF (Pasture 
Demonstration Farm) and 97TF1(The Samuel Roberts Noble Foundation, Ardmore, OK), 
which were either endophyte-free (E-), infected with the common toxic strain (CTE+), or 
infected with one of two novel endophyte strains (AR542E+ and AR584E+).  Plants were 
grown in sterile hydroponic culture for 21 days after which root and shoot biomass of the 
plants were determined and exudates analyzed for total organic carbon, total phenolic 
content, and chemical composition via GC-TOF-MS.   
B. Materials and methods 
1. Seed preparation and pure culture growth  
Endophyte-free (E-), common toxic endophyte (CTE+), and novel endophyte 
(AR542E+ and AR584E+) infected tall fescue cultivars PDF and 97TF1 were obtained 
from the Samuel Roberts Noble Foundation (Ardmore, OK).  Plants were grown 
hydroponically under pure culture conditions to collect root exudates for characterization.  
All materials were autoclaved prior to use and kept sterile until needed. Seeds were 
sterilized by counting and weighing 125 seeds per replicate into 50 ml falcon tubes 
(Barnstead International, Dubuque, Iowa), adding 40 mL of a 10% bleach and Tween-20 
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mixture and then placing them on an orbital shaker set at 60 rpm for 30 min.  After 
sterilization, the seeds were rinsed three times with ultrapure double deionized (DDI) 
water (Barnstead International, Dibuque, Iowa) and then transferred, under sterile 
conditions, to a floating polypropylene explant holder inside a  GrowtekTM chamber ( 
Krackeler Scientific, Inc, Albany, NY ) containing 80 mL of filter-sterilized liquid 
minimal nutrient media (MNM). The growth vessels were then placed randomly on a 
stagnant rotary shaker (Barnstead International, Dubuque, Iowa) under cool white 
fluorescent light (100 mmol m-2s-1; 16 hrs light/ 8 hrs dark) until seedling germination.  
After about 1 week, when the seeds had germinated and were adequately anchored, the 
shaker was turned on and maintained at 65 rpm for the entirety of the experiment. A 
period without shaking was necessary at the start of the experiment to prevent seed “pile 
up” and ensure an even distribution of seeds across the explant holders.  The bottom of 
the vessels was wrapped with aluminum foil to minimize light penetration in the rooting 
zone and the possible photodegradation of exudate components.  Experiments were set up 
in a randomized complete block design with 3 replicates per treatment [endophyte (4) × 
cultivar (2)] for a total of 24 culture vessels per experiment.  Experiments were repeated 
5 times resulting in 15 replicates (~1875 plants) per treatment. 
2. Exudate collection and plant biomass determination 
After 21 days the nutrient solutions were collected and passed through 0.45 m 
nylon filter using a Stericup® filter unit (Millipore Corporation, Billerica, MA) to 
remove any large root debris or sloughed cells. The solution was then divided into four 
parts: 1) 1ml for phenolic assay; 2) 2 ml for pH analysis; 3) 3 ml for TOC analysis (27 ml 
sterilized water was added); 4) remainder was saved in 50 ml centrifuge tubes and stored 
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with desiccant at -20  ̊C for analysis via GC-TOF MS. The grasses were then separated 
into root and shoot, counted and weighed after drying in the oven for two days at 65 ̊C. 
Plant biomass used in this paper was calculated on a per 1000 plant basis as follows Plant 
biomass= (biomass of each vessel/tiller number)*1000.   
3. Exudate total organic carbon and phenolic content 
Total organic carbon (TOC) within the raw nutrient solutions was determined by 
heating the samples to 680 oC using the platinum catalyst in a Shimadzu TOC-V 
combustion analyzer (Shimadzu Corporation, Kyoto, Japan) equipped with an infrared 
gas analyzer (NDIR) for carbon dioxide detection. The system is equipped with an auto-
dilution system which was used to create a five point standard calibration curve before 
and after each run. Total phenolic content of exudates was determined following the 
procedure described in Arnow et al. (1937).  Briefly, 0.5 ml of root exudate was mixed 
with 91 µl derivatizing reagents and analyzed at 500 nm on a Thermo Spectronic 
Genesys 20 spectrophotometer (Thermo Electron Scientific Instruments Corp., Madison, 
WI USA). The derivatizing reagent was comprised of 0.5 M HCL, 1.0 M sodium 
hydroxide, 1.45 M sodium nitrite and 0.41 M sodium molybdate. Quantification of total 
phenolics was achieved using a calibration curve generated using different concentrations 
of gallic acid. TOC and phenolic content were reported on a per gram root mass basis.  
4. Exudate composition via gas chromatography time of flight-mass spectrometry (GC-
TOF MS) 
In preparation for GC analysis, root exudates were extracted in acetonitrile, dried 
down in a speedvac and then derivatized for GC TOF-MS (Sana et al.,2010). An Agilent 
6890 gas chromatograph coupled to a Pegasus IV time-of-flight mass spectrometer 
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(Agilent, Böblingen, Germany) was used to analyze the root exudate composition. A 
Gerstel CIS4 with dual MPS injector with a multipurpose sample (MPS2) dual rail was 
used to inject 0.5 L of the sample into the Gerstel CIS cold injection system (Gerstel, 
Muehlheim, Germany).  The injector was operated in splitless mode with a flow rate of 
10 µl/s, opening the split vent after 25 seconds and then increasing the temperature from 
50 °C to 250 °C at a rate of 12 °C/s. For separation, a 30 m long, 0.25 mm i.d. Rtx-5Sil 
MS column was used with an additional 10 m integrated guard column (0.25 µm of 5% 
diphenyl film and an additional 10-m integrated guard column; Restek, Bellefonte, PA). 
The carrier gas was 99.9999% pure Helium with built-in purifier (Airgas, Radnor PA) set 
at constant flow rate of 1 ml/min. The oven temperature was held constant at 50 °C for 1 
min and then ramped at 20 °C/min to 330 °C at which it was held constant for 5 min. 
Mass spectrometry was performed on a Pegasus IV TOF mass spectrometer (St. Joseph, 
MI) with the transfer line temperature between gas chromatograph and mass spectrometer 
maintained at 280 °C, electron impact ionization energy of -70 eV and an ion source 
temperature of 250 °C.  MS data were acquired from m/z 85-500 at 17 spectra s-1 
controlled by the LecoChromaTOF software vs. 2.32 (St. Joseph, MI). Data were 
preprocessed immediately after acquisition, stored as .cdf files and then automated 
metabolite annotation was performed using the BinBase metabolic annotation database 
(Fiehn et al., 2005). The relative abundance of the compounds was calculated via peak 
height normalized to the sum intensity of all identified peaks.  
5. Statistics  
Biomass, phenolics and TOC data were log transformed if not normally 
distributed prior to analysis. Proc GLM statistical tests were run in SAS 9.3 (SAS 
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Institute Inc, Cary, NC, USA)  to assess the significance (P<0.05) of the fixed main 
effects of endophyte status (E-, CTE+, AR542E+, AR584E+) and fescue cultivar (PDF, 
97TF1) and their interaction. For parameters with significant main effects, Student’s t- 
test was used to conduct mean comparisons.  
All root exudate composition data were log transformed before subjecting to 
multivariate analyses. ANOVAs were run on individual compound relative abundances 
and grouped root exudate compounds in JMP 10.0.0 (SAS Institute Inc., Cary, NC, 
USA).  Linear contrasts testing the effects of endophyte presence (E- vs the others) and 
the difference between endophyte strains (E- vs two novel endophytes; CTE+ vs two 
novel endophytes; AR542E+ vs AR584E+) were also performed in SAS 9.3 (SAS 
Institute Inc, USA). Hierarchical clustering was used to group the identified root exudate 
compounds into clusters using a Ward’s minimum variance method (Ward, 1963). The 
results are presented as dendrograms and color maps were generated after clustering to 
show how the metabolite levels vary by endophyte status and cultivar.  
C. Results 
1. Plant biomass  
Cultivar 97TF1 tended to produce more total plant biomass than PDF (Table 2.1, 
Figure 2.1a).  In PDF, there were significant differences between the novel endophyte 
infected individuals, with AR542E+ infected PDF producing less total plant biomass than 
AR584E+ infected individuals (Figure 2.1a). Shoot mass was significantly affected by 
tall fescue cultivar, endophyte status and their interaction (Table 2.1). Cultivar 97TF1 had 
6-17% more shoot mass than PDF, depending on the endophyte status, with the exception 
of novel endophyte AR584E+ infected individuals (Figure 2.1b).  For both 97TF1 and 
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PDF, CTE+ and AR584E+ combinations resulted in a significant increase (+5-12%) in 
shoot mass relative to E-. For PDF, AR542E+ individuals had 15% less shoot mass than 
E-, and for 97TF1, AR542E+ individuals were intermediate to E- and AR584E+ (Figure 
2.1b, Table 2.1).  
Endophyte status, but not cultivar or their interaction, had a significant influence 
on average root mass (Table 2.1; Figure 2.1c). There was a significant difference in root 
mass production between the novel endophytes individuals: AR584E+ infected 
individuals on average produced significantly more root biomass than AR542E+ infected 
individuals (Figure 2.1c).  Notably, as with shoot biomass, the PDF/AR542E+ 
individuals produced the least root biomass (Figure 2.1c).  
Differences in root and shoot biomass are reflected in the ratio of root mass to 
shoot mass which were significantly influenced by tall fescue cultivar (Table 2.1; Figure 
2.1d).  Overall, cultivar PDF had significantly higher root to shoot ratios than 97TF1 
(0.21 vs. 0.19, respectively, averaged across endophyte status).   
2. Carbon and total phenolic content in root exudates 
CTE+ infected grasses tended to release more total carbon than other individuals 
largely due to the amounts released from 97TF1/CTE+ individuals (Figure 2.2a).  In 
97TF1, the CTE+ individuals had nearly twice the mg C g-1 root than E- or novel 
endophyte infected individuals (Figure 2.2a), while AR584E+ released significantly less 
C than the AR542E+ individuals (Figure 2.2a). Greater amounts of phenolics released by 
97TF1/CTE+ and 97TF1/AR542E+ led to a significant difference between 97TF1/CTE+ 
and other individuals as well as their difference to PDF/CTE+ and PDF/AR542E+ 
individuals (Figure 2.2b).  
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3. Identification and classification of metabolites via GC-(TOF) MS  
Over 300 peaks were present in the untargeted metabolomics GC-TOF-MS 
spectra of the root exudate samples.  Processing of the raw data using the Binbase 
algorithm (Skogerson et al., 2011) resulted in the positive identification of 132 of these 
compounds. The compounds identified were categorized into the following groups: 
sugars, polyols, growth factors and vitamins, lipids, amines, phenolics, carboxylic acids, 
nucleosides and others (Table 2.3). Of the 132 exudates, the levels of 43 compounds 
(excluding those classified as other) were significantly affected by tall fescue cultivar, 
endophyte status or cultivar x endophyte interaction (Table 2.4).  Dendrograms obtained 
from cluster analysis of the 132 identified compounds by endophyte status (Figure 2.3) 
showed that root exudate profiles of E- and CTE+ were grouped and different from the 
composition of the two novel endophytes which were grouped separately.  
Sugars, growth factors and amines were significantly influenced by endophyte 
status (Table 2.5). Many individual compounds were also significantly affected by 
endophyte status, such as glucose, ribose, 6-hydroxynicotinic acid, myristic acid, 
pentadecanoic acid, phenol, 3-hydroxypropionic acid, and benzoic acid (Table 2.4). 
Hierarchical analysis of 132 compounds by cultivar and endophyte interaction 
revealed that the PDF and 97TF1 tall fescue formed two distinct groups (Figure 2.4).  
Within PDF, PDF/ E- and PDF/AR584E+ were grouped together and were similar to 
PDF/AR542E+. PDF/CTE+ was grouped with 97TF1/AR584E+ while 97TF1/CTE+ 
differed substantially from all the other cultivar/endophyte combinations.  Secretion 
levels of exudate groups were influenced by cultivar and endophyte interactions. For 
example, 97TF1/AR542E+ individuals exuded the highest level of amines while PDF/E- 
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released only half the amount (Figure 2.5a). PDF/CTE+ exuded significantly higher 
levels of phenolics than the other combinations (Figure 2.5d).  The abundance of polyols 
was highest in PDF/E- samples and lower in all the endophyte infected PDF individuals 
(Figure 2.5e). Twenty-six of the compounds in the exudate groups (excluding those listed 
as other) were found to be significantly impacted by cultivar and endophyte interaction 
(Table 2.4) including arabinose, dihydroxyacetone, palmitic acid, caffeic acid, syringic 
acid, and terephtalic acid.  
D. Discussion 
1. Endophyte status and fescue cultivar affect plant biomass 
Overall my results support the hypothesis that biomass production in tall fescue is 
sensitive to endophyte status. My results are consistent with those from several studies 
reporting endophyte - dependent increases in plant biomass production in CTE+ infected 
vs. endophyte free grasses (Arachevaleta et al., 1989; Debattista et al., 1990).  For 
example, Arachevaleta et al.(1989) using KY31 cloned CTE+/E- pairs, found CTE+ tall 
fescue clones produced slightly more dry herbage than E- clones under normal growth 
conditions, but produce up to 50%  higher dry herbage biomass than their E- clones when 
grown with higher rates of N (Arachevaleta et al., 1989). Similarly, using six CTE+/E- 
clone pairs, DeBattista et al. (1990) observed an overall increase in biomass production in 
CTE+ clones relative to the E- clones. Belesky and Fedders (1995) also observed an 
overall 15% and 11% increase in shoot and root biomass, respectively, in common toxic 
endophyte infected, compared to endophyte free clones. 
Under the controlled conditions of this study, the endophyte AR542E+ did not 
perform as well as CTE+ particularly in cultivar PDF. This result was similar to those of 
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Bouton et al. (2002)  who showed lower dry matter yield of AR542E+ infected Georgia 5 
compared to the Georgia 5/CTE+ pair (Bouton et al., 2002). In a field study, Rudgers et 
al. (2010) also reported that Georgia 5/AR542E+ had lower biomass production than the 
CTE+ infected Georgia-5 tall fescue although the difference was not significant.  
The differences observed in biomass production due to endophyte infection  were 
largely driven by the PDF/AR542E+ combination which produced less total biomass and 
proportionally less root biomass (i.e. higher root:shoot ratio) compared to the rest of the 
combinations.  In a field study, PDF/AR542E+ produced significantly lower forage yield 
than PDF/AR584E+, and lower yield than 97TF1/AR542E+ and 97TF1/AR584E+ 
combinations (Hopkins et al., 2010).  The difference in biomass production between 
AR542E+ and AR584E+ found in this study was not observed in AR584E+ infected tall 
fescue cultivar KYFA9301 and AR542E+ infected Jesup tall fescue (Johnson et al., 
2012).   Notably, in the two studies by De Battista et al. (1990) and Belesky and Fedders 
(1995) plant biomass production was found to depend on the tall fescue cultivar.  Hill et 
al. (1990) observed a similar response concluding that the phenotypic variability brought 
about by the different responses of the same endophyte in different plant genotypes 
introduces sufficient plasticity into the population such that they are more adaptable to 
diverse environmental conditions. These findings support my hypothesis that differences 
in biomass production were significantly influenced by endophyte and tall fescue cultivar 
interaction.  
The specific mechanisms for endophyte-mediated alteration of root and shoot 
biomass and the interaction with tall fescue cultivar are still elusive. Several studies 
observed production of the growth hormone auxin (IAA) by Balansia epichloë (Porter et 
44 
 
al., 1985) and by E. coenophiala in tall fescue (De Battista et al., 1990; Tan and Zou, 
2001). The degradation of host plant cell wall carbohydrates by endophytes (Acremonium 
typhinum and Epichloë festucae var. lolii) to obtain carbon (Lam et al., 1994; Rasmussen 
et al., 2012) supported by the  production  of β-1,6-glucanase in Epichloe festucae and 
Neotyphodium lolii (Bryant et al., 2007)  could be another possible mechanism for the 
reduction in plant biomass.  Additionally, Assuero et al. (2000) found that rates of 
photosynthesis in tall fescue were higher in MK (Maris Kasba) /CTE+ compared to 
MK/AR501 and EP (El Palenque) tall fescue regardless of endophyte status. Thus, the 
interaction of the endophyte with the specific host plant genotype may influence the 
growth of tall fescue via hormone production, utilization of C by the fungus as well as 
their effect on photosynthesis.  It is not surprising then that reports in the literature on 
differences in biomass production due to endophyte infection are inconsistent due to their 
clearly being endophyte status and tall fescue cultivar effects.  
2. Endophyte status and fescue cultivar affect root exudate chemistry  
Along with the phenotypic changes in response to endophyte status and tall fescue 
cultivar, rhizodeposit quantity and composition were also affected by grass- endophyte 
symbiosis. Infection with CTE+ in cultivar 97TF1 resulted in the release of greater 
amounts of total C (Figures 2.2a) compared to the other combinations. Greater total 
carbon content in root exudates from endophyte infected tall fescue has been attributed to 
higher photosynthetic rates presumably in response to higher maintenance costs of the 
symbiosis (Marks and Clay, 1996). Plants can release anywhere from 5-10% of their 
fixed C into the rhizosphere, however, in hydroponics the amount is likely 
underestimated because the same concentration gradients across the cell wall does not 
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exist in hydroponics as in soils due to C not being consumed by soil organisms or 
rendered unavailable due to sorption to soil constituents.  Increased exudation of C is 
important from the perspective of carbon sequestration.  Carbon released from plant 
roots, depending on the chemical form, can be rapidly mineralized (0.5-2 h) by the 
rhizosphere microbial community, and/or incorporated into microbial biomass and persist 
for longer time periods (30-90 days) (Jones et al., 2004). Several studies have reported 
increases in C and N in pasture soils throughout the southeastern United States under 
CTE+ compared to E- infected tall fescue (Franzluebbers et al., 1999b; Franzluebbers and 
Stuedemann, 2005; Iqbal et al., 2012), while in other studies the same trend was not 
observed (Handayani et al., 2011) . The influence of endophyte status and tall fescue 
cultivar on the amount of rhizodeposit carbon and root biomass, and how these interact 
with the many edaphic factors in a natural setting may help explain these inconsistencies 
(Franzluebbers, 2006; Franzluebbers and Stuedemann, 2002, 2005; Iqbal et al., 2012). 
Not only is the total quantity of carbon in root exudates important, but also the 
composition.  Chemical composition of the exudates can influence microbial community 
structure, function and other important biogeochemical processes within the rhizosphere 
ultimately influencing nutrient cycling at a larger scale. This is the first paper to report on 
the detailed composition of root exudates from different tall fescue cultivars and how 
they are influenced by endophyte infection status.  Several of the root exudate 
compounds identified have previously been shown to influence nutrient acquisition, 
allelopathy and cause shifts in soil microbial community structure (Bais et al., 2006; 
Dakora and Phillips, 2002; Hoffland et al., 1992; Shi et al., 2011), which may provide 
some insight into how tall fescue and its endophyte might work together to potentially 
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alter these processes.  Previous studies found that endophyte infection increases the 
production of phenolics and postulated that they may be involved in the acquisition of P 
from soils (Malinowski et al., 1998). Phenolic compounds and carboxylic acids can 
increase phosphorus availability by increasing Fe3+ reducing activity in the rhizosphere, 
forming complexes with Al and Fe, and/or competing with phosphorus for binding sites 
on clay and humus colloids (Hoffland et al., 1992; Jones, 1998; Lipton et al., 1987; 
Malinowski et al., 1998; Malinowski and Belesky, 1999b; Malinowski et al., 2004).  In 
this study, endophyte status and its interaction with tall fescue cultivar significantly 
increased total  phenolic content  (Figure 2.2b) and influenced the release of specific 
carboxylic acids and phenolics (Table 2.4) shown to be involved in phorphorus 
acquisition. For example, enhanced exudation of succinic acid has been observed by 
tomato roots under low phosphorus condition (Imas et al., 1997). In this study, secrete 
levels of succinic acid were not significantly affected by common toxic endophyte 
infection compared to endophyte free plants. However, endophyte infection significantly 
increased exudation of succinic acid due to doubled exudation levels of this compound by 
the two novel endophyte infected tall fescue (data not shown). Infection with CTE+ also 
resulted in a significant increase in sugars (e.g. glucose) and amines both of which have 
been shown to increase organic phorphorus mineralization by stimulating the microbial 
community and phosphatase activity (Falih and Wainwright, 1996; Hamel, 2004; Spohn 
et al., 2013).  More research is still needed to clarify the mechanism behind how these 
compounds will influence phorphorus acquisition under more realistic growth conditions.  
However, these results provide some evidence that phorphorus acquisition in endophyte 
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infected tall fescue may be influenced by endophyte strain and its interaction with its host 
plant.   
Root exudates can also influence plant community structure either indirectly by 
altering biogeochemical processes within the rhizosphere or directly by inhibiting seed 
germination or growth of neighboring plants (Asao et al., 2003; Kalinova et al., 2007). 
Rudgers et al. (2010) reported that plots containing KY-31 tall fescue infected with CTE+ 
had lower plant diversity, specifically lower graminoid and forb biomass,  than plots 
growing Georgia-5 tall fescue harboring the novel endophyte AR542E+ (Orr et al., 2005; 
Rudgers et al., 2010).  Similarly, Georgia-5/CTE+ was found to decrease the proportion 
of forbs compared to fields growing Georgia-5/AR542E+ (Yurkonis et al., 2014).  
Release of chemicals unique to CTE+ tall fescue could be one of the mechanisms 
contributing to the observed effects on plant succession and whole ecosystem 
biodiversity in these studies.  My results suggest that the exudation of specific exudate 
compounds is linked to endophyte status and tall fescue cultivar which may lead to 
differences in competitive ability between endophyte infected grasses. For example, 
syringic acid, a phenolic, was significantly influenced by the interaction of cultivar and 
endophyte (highest in 97TF1/AR584E+, lowest in PDF/AR542E+).  Syringic acid in 
black mustard root exudates was shown to inhibit germination and growth of two weeds, 
Phalaris paradoxa and Sisymbrium irio (Al-Sherif et al., 2013).  Levels of the lipid 
myristic acid were significantly different between AR542E+ and AR584E+ 
(AR542E+<AR584E+). Myristic acid in root exudates of cucumber was shown to inhibit 
the growth of lettuce (Yu and Matsui, 1994; Yurkonis et al., 2014).  
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Notably, endophyte presence did not lead to greater production of all growth 
inhibiting chemicals (Table 2.6). For example, endophyte presence resulted in reduced 
production of benzoic acid relative to the E- plants, which has been found to be 
allelopathic to lettuce (Yu and Matsui, 1994) and soybean (Baziramakenga et al., 1995).  
It may be that reliance on one type of allelopathic exudate over another is dictated again 
by the endophyte status and tall fescue cultivar interaction. CTE+ infected tall fescue has 
also been shown to have nematocidal properties which could indirectly improve plant 
productivity by inhibiting nematode infestation (Elmi et al., 2000; West et al., 1988).  I 
found that palmitic acid, a lipid, was significantly lower in AR542E+ infected tall fescue 
samples than CTE+ and AR584E+ samples in this study which has been shown to 
significantly reduce Meloidogyne incognita (root-knot nematodes) reproduction and 
germination of Echinochloa crus-galli (Khanh et al., 2006; Zhang et al., 2012). The lower 
exudation of palmitic acid from AR542E+ tall fescue could be an explanation for the 
benefit of tree establishment  observed in Rudgers et al. (2010)’s study via less 
allelopathic effect and reduced nematode reproduction.     
Rhizodeposits together with root system architecture play an integral part in 
shaping the rhizosphere microbial community. The expectation is, given the same soil 
type, if two plants have different root biomass and exudate profiles they would select for 
different rhizosphere microbial communities (Casas et al., 2011; Jenkins et al., 2006; 
Mack and Rudgers, 2008).  Therefore, if leaf fungal endophytes in tall fescue alter root 
exudate chemistry, as I have shown here, I hypothesize that this could have an influence 
on rhizosphere microbial community structure and/or function.  Data on the influence of 
endophyte infection on rhizosphere microbial communities are inconsistent (Omacini et 
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al., 2012), although several studies have shown soils under CTE+ infected tall fescue to 
have different microbial community structure and/or function relative to those under 
endophyte-free plants (Buyer et al., 2011; Iqbal et al., 2012; Jenkins et al., 2006). Van 
Hecke et al. (2005) reported no detectable changes in microbial community structure 
(using culture based methods) in soils under CTE+ infected tall fescue cultivar ‘Jessup’ 
relative to its endophyte-free isogenic variety but did find increased soil respiration rates 
which they hypothesize had to do with greater total carbon and sugar content in E+ 
rhizodeposits (Van Hecke et al., 2005). In contrast, CTE+ tall fescue was shown to 
increase Cytophaga-Flavobacterial cell counts in rhizosphere soil which may be due to 
their capacity to degrade macro-molecules (e.g. polysaccharides) which I found to be 
highest in CTE+ tall fescue plants (Hans, 2006; Jenkins et al., 2006).  
Sugars are typically the most abundant rhizodeposits from plant roots and are 
utilized directly by microbes for growth (Eilers et al., 2010; Griffiths et al., 1999; Landi 
et al., 2006). Landi et al. (2006) found glucose addition resulted in fewer changes in 
bacterial community structure compared to additions of only oxalic acid (Landi et al., 
2006), whereas glutamic acid and oxalic acid caused changes in the composition of the 
rhizosphere microflora (Falchini et al., 2003).  According to Jones et al. (2003) sugars 
and amines are used for microbial growth while organic acids are used primarily for 
respiration (Jones et al., 2003). Chaparro et al. (2013) hypothesized that more sugars are 
released early in plant development to stimulate microbial colonization of the 
rhizosphere, but as the plant develops the proportion of sugars decreases and more 
phenolics and amino acids are released that act to select for less diverse, but more 
specialized microorganisms (i.e. microbes effective against root pathogens) (Chaparro et 
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al., 2013). In this study, total sugar content was higher in CTE+ infected tall fescue 
(notably in 97TF1), and arabinose, glucose, levoglucosan and ribose were significantly 
higher in CTE+ compared to endophyte free tall fescue and novel endophyte infected 
plant root exudates. These results suggest that CTE+ tall fescue could have a greater 
impact on soil microbial community structure via increased sugar exudation.  Similarly, 
significantly greater secretion levels of amines were observed in PDF/AR542E+ 
compared to PDF/AR584E+ infected individuals (data not shown). Amines can function 
as carbon and nitrogen sources for microbes and are involved in microbial colonization of 
the rhizosphere and nitrogen cycling (De Nobili et al., 2001; Moe, 2013; Oku et al., 2012; 
Simons et al., 1997).  Such nitrogen containing inputs, once mineralized, may induce 
significantly higher fluxes of gas (N2O) from the soil (McLain and Martens, 2005) 
possibly explaining the observations of greater CO2 and  N2O fluxes under 
PDF/AR542E+ stands (Iqbal et al., 2013).  Overall results indicate that endophyte 
infection could be involved in changing microbial growth, metabolism and soil organic 
matter turnover via rhizosphere priming which could eventually alter C and N storage in 
CTE+ infected tall fescue pastures throughout the Southeastern United States (Hamer and 
Marschner, 2005; Kuzyakov, 2002).    
E. Conclusions 
In conclusion, I have shown that endophyte status, tall fescue cultivar and their 
interaction can have a significant influence on early stages of plant growth, root exudate 
chemistry and quantity.  This study revealed that root exudate compounds released by tall 
fescue contain a rich chemical diversity, including sugars, phenolics, lipids and 
carboxylic acids, and also found that root exudate composition may be specific to each 
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tall fescue cultivar, endophyte and endophyte and cultivar combination. These findings 
suggest that root exudates may influence soil biogeochemical processes (e.g. carbon and 
nitrogen storage, soil microbial community structure and function, enzyme activity) in an 
endophyte strain and tall fescue genotype dependent manner. I acknowledge that, while 
these studies provide an indication of the potential for endophyte and tall fescue cultivar 
mediated changes in soil biogeochemical processes, the experiments were conducted 
under controlled environmental conditions and do not reflect the complex edaphic and 
climactic interactions found under more realistic field conditions which will likely alter 
the predicted response.  I also only sampled at one time point during the plants 
development which doesn’t reflect the changes in exudate composition that have been 
shown to occur as plants develop (Chaparro et al., 2013). It will be important to assess 
how the interaction changes exudate chemistry with plant development.  I used only one 
technique (GC-MS) with which I was able to positively identify 132 of over 300 peaks 
(i.e. chemicals) present indicating that there are yet-to-be identified chemical constituents 
which likely have yet -to-be identified rhizosphere functions.  An indication of this lies in 
the fact that my colorimetric total phenolic assay showed higher levels in the 
97TF1/CTE+ combination than those determined by grouping all identified phenolics 
using GC-MS alone. Finally, the sorption, degradation, and utilization of root exudates 
when these plants are grown in soils is certain to alter the effectiveness of many of the 
exudates identified here which may be why climate, stand age, site (i.e. soil type) and 
field management (e.g. grazing) were found to be the strongest predictor of C 
sequestration in the field (Iqbal et al., 2012).   
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Table 2.1: Statistical results for ANOVA testing tall fescue cultivar and endophyte status 
influence on fescue biomass parameters. 
Effect 
 Root mass Shoot mass Total mass  Root:shoot 
df F P F P F P  F P 
Cultivar 1,1 1.68 0.21 47.45 <0.0001 47.2 <0.0001  11.98 0.002 
Endophyte 3,3 5.96 0.003 24.03 <0.0001 26.8 <0.0001  3.97 0.09 
Cultivar x 
Endophyte 3,3 0.86 0.48 6.46 <0.0002 6.8 <0.0001 
 1.97 0.14 
P value <0.05 in bold 
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Table 2.2: Statistical results for ANOVA testing the influence of tall fescue cultivar and 
endophyte status on total organic carbon and total phenolics in root exudates.     
  mg C g-1 root Phenolic content (µg ml-1g-1 root) 
Effect    df F P F P 
Cultivar 1,1 0.06 0.81 5.03 0.03 
Endophyte 3,3 8.30 0.0006 8.66 0.0003 
Cultivar x Endophyte 3,3 4.09 0.02 3.75 0.02 
                P value <0.05 in bold 
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Table 2.3: Classification of root exudate compounds identified by binbase 
Class of 
compounds 
 
 
Class of 
compounds 
 
Amines (amino 
acid, amino 
alcohol and etc)  
5-aminovaleric acid, 5-
hydroxynorvaline NIST, β-
alanine, cyclohexylamine, 
ethanolamine, glutamate, 
glycine, N-acetylaspartic acid, 
N-acetyl-D-mannosamine, 
oxoproline, synephrine, 
threonine, triethanolamine, 
tyrosine 
Carboxylic  acid 
 
 
2-hydroxy-2-methylbutanoic acid, 2-
hydroxyglutaric acid, 2-hydroxyvaleric 
acid, 2-ketoadipic acid, 2-methyglutaric 
acid, 2- methyglyceric acid NIST, 3-
hydroxybutanoic acid, 3-
hydroxypropionic acid, 3-phenyllactic 
acid, 4-hydroxybuturic acid, acetoacetate 
NIST, adipic acid, alpha ketoglutaric acid, 
behenic acid, benzoic acid, enolpyruvate 
NIST, fumaric acid, glycolic acid, lactic 
acid, maleic acid, maleimide, 
methylmaleic acid, oxalic acid, phthalic 
acid, pimaric acid NIST, pimelic acid, 
shikimic acid, succinic acid, terephtalic 
acid  
Lipids (fatty acids, 
fatty alcohol)  
1-hexadecanol, 1-monopalmitin, 
1-monostearin, 2-
deoxyerythritol, arachidic acid, 
arachidonic acid, capric acid, 
caprylic acid,dodecanol, 
heptadecanoic acid NIST, lauric 
acid, methy palmitoleate, 
methylhexadecanoic acid,  
myristic acid, nonadecanoic 
acid, octadecanol, oleic acid, 
palmitic acid,pelargonic acid,  
pentadecanoic acid, stearic acid 
Phenolics 1,2,4-benzenetriol, 3,4-dihydroxybenzoic 
acid, 4-hydroxybenzoate, caffeic acid, 
catechol, cis-caffeic acid, gallic acid, 
phenol,  p-hydroquinone, salicylic acid, 
syringic acid,  
Nucleosides Cytidine-5’-diphosphate, thymidine 
Growth factors 
and vitamins  
5-hydroxyindole-3-acetic acid 
NIST, 6-hydroxynicotinic acid, 
dehydroascorbic acid, nicotinic 
acid, pantothenic acid 
Polyol/Sugar 
alcohol 
1-desoxypentitol NIST, 3-deoxypentitol 
NIST, 6-deoxyglucitol NIST, arabitol, 
glycerol, glycerol-3-galactoside, ribitol, 
threitol, xylitol 
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Table 2.3 (continued) 
Sugars 1,5-anhydroglucitol, 3,6-
anhydro-D-hexose, 3-
deoxyhexitol NIST, arabinose, 
dihydroxyacetone, erythrose, 
fructose, fucose+rhamnose, 
glucose, glyceric acid, 
levoglucosan, mannose, 
rhamonse, ribose, sucrose, 
tagatose, xylose, xylulose NIST 
Others (1-methyl-1,3-propanediyl)bis(oxy) 
NIST, 2-phenylpropanol NIST, 3-chloro-
1,2-propanediol NIST, 3-
hydroxypyridine, acetophenone NIST, 
butyrolactam NIST, caprylic acid 
monoacylglycerol ester NIST, 
dihydroabietic acid, dodecane, erythronic 
acid lactone, glyoxalurea NIST, 
hydroxylamine, isobutene glycol NIST, 
isonicotinic acid, lanosterol, linoleic acid 
methyl ester, parabanic acid NIST, 
phosphoric acid, phytol, propane-1-3-diol 
NIST, urea, xylonolactone NIST 
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Table 2.4: ANOVA results testing normalized abundance of 43 root exudate compounds 
that were significantly influenced by tall fescue cultivar, endophyte status and cultivar by 
endophyte interaction. Significant effects are shown in bold. 
    Endophyte status Tall Fescue cultivar   Interaction 
  df F P df F P df F P 
Amines          
Glutamate 3,3 3.58 0.04 1,1 2.30 0.15 3,3 3.18 0.06 
Synephrine 3,3 22.24 <0.0001 1,1 8.27 0.01 3,3 28.75 <0.0001 
Thymine 3,3 3.55 0.04 1,1 0.25 0.63 3,3 1.01 0.42 
Triethanolamine 3,3 3.98 0.03 1,1 12.30 0.004 3,3 2.08 0.15 
Tyrosine 3,3 1.94 0.17 1,1 0.01 0.92 3,3 4.11 0.03 
Carboxylic Acid          
2-Hydroxyvaleric 
Acid 
3,3 4.70 0.02 1,1 1.46 0.25 3,3 2.66 0.09 
3-Hydroxypropionic 
Acid 
3,3 5.94 0.01 1,1 1.97 0.18 3,3 7.72 0.003 
Behenic Acid 3,3 0.59 0.63 1,1 4.71 0.05 3,3 0.83 0.50 
Benzoic Acid 3,3 5.74 0.01 1,1 2.33 0.15 3,3 3.09 0.06 
Fumaric Acid 3,3 4.28 0.02 1,1 0.42 0.53 3,3 25.11 <0.0001 
Glycolic Acid 3,3 9.33 0.001 1,1 0.21 0.65 3,3 15.29 0.0001 
Lactic Acid 3,3 4.89 0.02 1,1 15.97 0.001 3,3 12.89 0.0003 
Maleic Acid 3,3 1.25 0.33 1,1 2.13 0.17 3,3 4.77 0.02 
Phthalic Acid 3,3 2.93 0.07 1,1 3.59 0.08 3,3 3.74 0.04 
Succinic Acid 3,3 19.45 <0.0001 1,1 16.86 0.001 3,3 28.05 <0.0001 
Terephtalic Acid 3,3 44.93 <0.0001 1,1 15.45 0.002 3,3 37.01 <0.0001 
Growth Factor          
6-Hydroxynicotinic 
Acid 
3,3 5.32 0.01 1,1 13.50 0.003 3,3 1.35 0.30 
Lipids          
1-Monostearin 3,3 2.47 0.05 1,1 3.08 0.10 3,3 2.34 0.12 
Caprylic Acid 3,3 4.49 0.02 1,1 4.18 0.06 3,3 0.56 0.65 
Myristic Acid 3,3 6.78 0.005 1,1 2.04 0.18 3,3 2.25 0.13 
Palmitic Acid 3,3 6.65 0.01 1,1 17.38 0.0009 3,3 4.59 0.02 
Pentadecanoic Acid 3,3 4.43 0.02 1,1 1.16 0.30 3,3 1.00 0.42 
Phenolics          
4-Hydroxybenzoate 3,3 1.58 0.24 1,1 0.00 0.99 3,3 3.64 0.04 
Caffeic Acid 3,3 2.30 0.12 1,1 2.33 0.15 3,3 15.40 0.0001 
Cis-Caffeic Acid 3,3 2.35 0.12 1,1 2.86 0.11 3,3 14.71 0.0001 
Phenol 3,3 5.47 0.01 1,1 4.12 0.06 3,3 1.41 0.28 
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Table 2.4 (Continued) 
Syringic Acid 3,3 1.53 0.25 1,1 0.43 0.52 3,3 3.90 0.03 
Polyol          
1-Desoxypentitol 
NIST 
3,3 8.75 0.002 1,1 1.69 0.21 3,3 3.79 0.04 
3-Deoxypentitol 
NIST 
3,3 2.70 0.09 1,1 0.06 0.81 3,3 4.67 0.02 
6-Deoxyglucitol 
NIST 
3,3 4.98 0.01 1,1 2.51 0.14 3,3 0.22 0.88 
Glycerol 3,3 1.77 0.20 1,1 0.26 0.62 3,3 5.23 0.01 
Xylitol 3,3 2.13 0.14 1,1 4.68 0.05 3,3 1.45 0.27 
Sugar          
3-Deoxyhexitol Nist 3,3 1.12 0.02 1,1 1.60 0.23 3,3 8.73 0.002 
Arabinose 3,3 10.85 0.0006 1,1 0.16 0.69 3,3 10.98 0.0006 
Dihydroxyacetone 3,3 1.51 0.26 1,1 0.21 0.65 3,3 4.66 0.02 
Fructose 3,3 3.01 0.07 1,1 6.30 0.03 3,3 1.58 0.24 
Glucose 3,3 6.65 0.01 1,1 1.94 0.18 3,3 3.02 0.07 
Glyceric Acid 3,3 2.45 0.11 1,1 19.47 0.0006 3,3 10.90 0.0006 
Levoglucosan 3,3 11.25 0.0005 1,1 0.74 0.40 3,3 18.16 <0.0001 
Ribose 3,3 11.37 0.0005 1,1 15.56 0.00 3,3 8.07 0.002 
Tagatose 3,3 3.50 0.04 1,1 2.09 0.17 3,3 2.27 0.13 
Nucleosides          
Cytidine-5'-
Diphosphate 
3,3 3.01 0.07 1,1 2.34 0.15 3,3 5.02 0.01 
Thymidine 3,3 0.46 0.72 1,1 0.02 0.88 3,3 4.67 0.02 
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Table 2.5: ANOVA results testing the influence of tall fescue cultivar and endophyte 
status on normalized abundance of root exudate compounds by category. Significant 
effects are shown in bold. 
  Endophyte status  TF cultivar   Interaction 
 df F P  df F P  df F P 
Amines 3,3 10.10 0.00  1,1 5.82 0.03  3,3 5.00 0.01
Carboxylic acid 3,3 0.95 0.45  1,1 0.23 0.64  3,3 0.88 0.47
Growth factor and 
vitamines 
3,3 3.46 0.05  1,1 7.90 0.01  3,3 0.40 0.75
Lipids 3,3 1.16 0.36  1,1 1.02 0.33  3,3 3.25 0.05
Nucleic acid 3,3 0.63 0.61  1,1 1.99 0.18  3,3 4.05 0.03
Others 3,3 2.65 0.09  1,1 5.12 0.04  3,3 0.39 0.76
Phenolics 3,3 0.84 0.49  1,1 0.59 0.45  3,3 6.78 0.01
Polyol 3,3 1.23 0.34  1,1 0.00 1.00  3,3 4.77 0.02
Sugar 3,3 3.38 0.05  1,1 0.90 0.36  3,3 0.97 0.44
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Table 2.6 P values for the linear contrast analyses testing the effect of endophyte 
presence (E- vs. others, E- vs. CTE+), endophyte free and common toxic endophyte vs. 
novel strains (E- vs. novel and CTE+ vs. novel), and differences between novel 
endophytes (AR542E+ vs. AR584E+) significant on individual root exudate compounds. 
Significant effects are bolded. 
Classes Compounds E- vs 
others 
E- vs 
CTE+ 
E- vs 
novel 
CTE+ 
vs novel
AR542E+ 
vs 
AR584E+
Amines       
 Glutamate 0.55 0.26 0.86 0.26 0.01 
 Thymine 0.86 0.21 0.62 0.06 0.02 
 Triethanolamine 0.25 0.72 0.08 0.04 0.04 
Carboxylic acid      
 2-Hydroxyvaleric Acid 0.07 0.87 0.01 0.009 0.35 
 Benzoic Acid 0.001 0.006 0.002 0.90 0.37 
Growth factor      
 6-Hydroxynicotinic Acid 0.12 0.66 0.02 0.007 0.09 
Lipids       
 1-Monostearin 0.04 0.008 0.18 0.05 0.50 
 Caprylic Acid 0.005 0.06 0.003 0.25 0.45 
 Myristic Acid 0.006 0.03 0.007 0.74 0.008 
 Pentadecanoic Acid 0.08 0.85 0.015 0.01 0.40 
Phenolics      
 Phenol 0.08 0.30 0.06 0.43 0.004 
Polyol       
 6-Deoxyglucitol NIST 0.64 0.02 0.44 0.002 0.49 
Sugar       
 Glucose 0.29 0.008 0.81 0.002 0.07 
 Tagatose 0.29 0.40 0.06 0.009 0.98 
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Figure 2.1: Endophyte status (endophyte free, E-; common toxic endophyte infected, 
CTE+; novel endophyte infected, AR542E+ and AR584E+) and tall fescue cultivar (PDF 
and 97TF1) influence on (a) root biomass, (b) shoot biomass, (c) total mass, and (d) 
root:shoot. Different letters indicate significant differences among the combinations of 
cultivar and endophyte status within a panel; different capital letters indicate significant 
differences across endophyte statuses (P ≤ 0.05) when the cultivar x endophyte 
interaction was not significant. For root: shoot (d), there was no effect of endophyte 
status or interaction with cultivar, but the two cultivars differed from each other (PDF > 
97TF1).   
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Figure 2.2: Endophyte status and tall fescue cultivar influence on (a) mg C/g root and (b) 
phenolic content /g root.  Different letters indicate significant differences (Student’s t 
test) across endophyte statuses and tall fescue cultivar combinations. Bars not sharing a 
letter are significantly different (P≤0.05).  
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Figure 2.3: Normalized metabolite relative abundance and hierarchical clustering of 132 
root exudate compounds. The rows of the heat map represent different endophyte status 
and columns show the 132 root exudate compounds. The colors from black, green to red 
reflect the relative abundance of the metabolites from lowest to highest. 
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Figure 2.4: Multivariate analysis of the root exudates analyzed by GC-TOF-MS. 
Normalized metabolite relative abundance and hierarchical clustering of root exudate 
compounds influenced by tall fescue cultivar/endophyte status. The rows of the heat map 
represent different endophyte status and tall fescue cultivar combinations and columns 
show the 132 root exudate compounds. The colors from black, green to red reflect the 
relative abundance of the metabolites from lowest to highest.  
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Figure 2.5: Influence of fescue cultivar by endophyte interaction on the secretion level of 
amines (a), carboxylic acid (b), lipids (c), phenolics (d), polyol (e), sugar (f) in root 
exudates. Different letters indicate significant differences (Student’s t test) across 
interactions, no letters indicate no significant differences across interactions. Bars not 
sharing a letter are significantly different from each other (P≤0.05). When no letters are 
present a significant cultivar by endophyte interaction was not observed (Table 2.5). 
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III. CHAPTER 3 – STUDIES ON SOIL SOLUTION COMPOSITION AND SOIL 
MICROBIAL COMMUNITY RESPONSES IN RHIZOBOX SYSTEM 
A. Introduction 
In my prior study, I grew two different tall fescue cultivars (PDF and 97TF1) with 
four different endophyte statuses (E-, CTE+, AR542E+, AR584E+) in nutrient solution. 
Whole root exudates were collected from the nutrient solution and then analyzed by GC-
TOF MS.  Cluster analysis showed that exudate profile of the novel endophyte infected 
cultivars tended to group toegether and the 97TF1/CTE+ combination was separated 
from the others indicating that the interaction between endophyte and cultivar results in a 
unique exudate profile.  
Unlike the hydroponic system, complex environment in rhizosphere can affect 
root exudation in different ways. The rhizosphere, which consists of endorhizosphere, 
rhizoplane and ectorhizosphere, is a dynamic environment for both plant and soil 
microorganisms. Endorhizosphere includes cortex and endodermis parts, and rhizoplane 
contains root epidermis and mucilages, and ectorhizosphere extend from rhizoplane into 
bulk soil. Rhizodeposits are a series of root product release from root to the surrounding 
soil, such asmucilage, sloughed-off border cell and root cap, and root exudates (Jones et 
al., 2009; McNear, 2013). Root exudates, contain about 11% of net photosynthetically 
fixed C released from plant roots into rhizosphere actively or passively, such as organic 
acid, fatty acid, amino acid, sugar, phenolics and protein (Broeckling et al., 2008; Jones 
et al., 2009).  
To date, most research collected root exudate samples from hydroponic system 
(Neumann and Romheld, 1999; Watt and Evans, 1999) and rhizobox. A rhizoxbox is a 
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device developed to study the plant-soil interface and root exudation in living plant 
system (Dessureault-Rompre et al., 2006; Wenzel et al., 2001; Youssef and Chino, 1988). 
There are several ways to sample soil solution in rhizosphere soil including both 
destructive (such as thin slicing of frozen soil and collecting soil solution by centrifuging) 
and non- destructive methods (such as filter papers and micro-techniques) (Ludwig et al., 
1999). In 1982, a rhizobox with a screen (separate root and plant) was used to study 
nutrient gradient in rhizosphere by thin slicing of the frozen soil with microtome 
(Kuchenbuch and Jungk, 1982). In the following years, use of slicing of frozen soil was 
well documented in determining soil nutrient and organic compounds in rhizobox study 
(Fitz et al., 2003; Gahoonia and Nielsen, 1991; Wenzel et al., 2001). However, Fitz et al. 
(2003) found that freezing would impact the soil chemical properties (Fitz et al., 2003). 
In addition, collection of soil solution by centrifuging in water or salt solution was also 
conducted in some studies (Chapman et al., 1997; Dahlgren et al., 1997; Jones and 
Darrah, 1994; Li et al., 1997). Marschner et al. (2002) grew lupin seedlings in rhizobox 
for 4 and 6 weeks before collecting soil solution in rhizosphere by moist filter papers for 
2 hours upon the surface of root for organic acid analyses. Another non-destructive and 
repetitive approach of sampling root exudate is micro-techniques, such as 
microtensiometer technique, micro ceramic cells and lysimetry (Gottlein et al., 1996; 
Vetterlein and Marschner, 1993; Vetterlein et al., 1993). Dieffenbach et al (1997) 
developed a novel method to collect root exudates with high spatial and temporal 
resolution using micro suction cups in a rhizobox which had a transparent front plate for 
root development observation. Later, micro-suction cups were used in collecting soil 
solution for major cations (such as Ca2+, Al3+ and Mg2+) analysis by capillary 
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electrophoresis (Gottlein et al., 1999). This micro-technique was also used in the research 
of soil nutrient distribution (Puschenreiter et al., 2005; Vetterlein and Jahn, 2004), 
phosphorus dynamics (Wang et al., 2004) as well as organic acid analyses (Dessureault-
Rompre et al., 2006; Schulz and Vetterlein, 2007). However, these previous studies were 
limited to the investigation of nutrient distribution in rhizosphere or organic acid 
analyses.  
Previous research focused on characterizing plant root exudates suggested that 
root exudates could influence soil microbial community (Batten et al., 2006; Broeckling 
et al., 2008; Hamilton and Frank, 2001; Innes et al., 2004; Paterson et al., 2007) and 
nutrient availability (Jones et al., 2004; Malinowski et al., 1998; Malinowski and 
Belesky, 1999; Malinowski et al., 2004; Marschner et al., 2011). Root exudates regulate 
the soil microbial structure and diversity in the rhizosphere via inhibiting the growth by 
the antifungal effect of root exudates, or increasing the abundance of microorganisms by 
growth-enhancing exudates (Broeckling et al., 2008). Chu-Chou et al. (1992) did an 
experiment on how E. coenophiala infected tall fescue influenced the mycorrhizal fungi 
spore density. They mixed spores with soil that grow tall fescue seedlings with or without 
E. coenophiala and found that E. coenophiala presence resulted in lower mycorrhizal 
fungi populations. Soil fungal activity was increased and bacterial community structure 
was shifted by endophyte infection (Casas et al., 2011). The endophyte presence in tall 
fescue also affected the rhizosphere archaeal community and has no apparent effect on 
the bulk soil archaeal community (Jenkins et al., 2006). However, the mechanism by 
which these endophyte effects are created are not currently known but may be linked to 
alterations in root exudation.  
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Thus, this study was conducted to determine the influence of two tall fescue cultivars, 
endophyte status and cultivar by endophyte interaction on soil solution profiles, soil 
microbial community structure and activity in rhizobox study. To accomplish this 
objective, I grew the same tall fescue cultivar and endophyte status combinations as in 
Chapter 2 in rhizobox collected rhizosphere soil solution using MiniRhizon soil solution 
samplers after 10 weeks of plant growth and characterized chemical composition using 
GC-TOF-MS. Rhizosphere soil samples were collected at the same time and microbial 
community composition determined using phospholipid fatty acid (PLFA) and the 
potential activity of 7 enzymes involved in C, N and P cycling. I hypothesized that 1) tall 
fescue cultivar and endophyte status would influence plant biomass and soil solution 
composition, 2) soil microbial community structure would be affected by tall fescue 
cultivar and endophyte status. 
B. Materials and methods  
1. Rhizobox design and plant growth 
Rhizoboxes were constructed using black polyvinylchloride (PVC) side, bottom 
and back panels with a removable, transparent acrylic glass front panel for periodic root 
viewing (Figure 3.1).  Each box was 34.5 cm tall, 2.5 cm deep (inside front to back), and 
were divided into two 14 cm wide compartments which allowed for the growth of two 
separate replicates per box.  The back fixed panel was covered with a 5 x 5 mm (center-
to-center) grid of holes (~3 mm o.d.) for the insertion of soil solution/root exudate 
collectors.  The boxes were filled with a 2:1 mixture of sieved Maury-Bluegrass silt loam 
soils collected from the University of Kentucky Spindletop research farm (Lexington, 
KY) and perlite.  Perlite was added to provide a uniform bulk density throughout the 
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chamber.  Irrigation was provided using Rhizon Irrigators (Rhizosphere Research 
Products, Wageningen, Netherlands) consisting of 10 cm long section a porous polymer 
in between two lengths of tubing.  The porous part of the Rhizon irrigator was placed in a 
“u” shape in the middle of each section of the box with one end connected to a closed 
water reservoir and the other connected to a valve used to prime the tubing and assist in 
maintaining the soil water potential of -40 hPa (-0.04 bar) (Figure 3.1a).  Once 
assembled, the eight boxes were allowed to equilibrate with irrigation for two weeks 
during which time any volunteer plants were removed. 
After two weeks, 50 seeds of one of two tall fescue cultivars (PDF and 97TF1) 
with one of three endophyte strains (CTE+, AR542E+ and AR584E+) or endophyte free 
(E-) combinations were each planted ~1 cm deep in one randomly selected section of 
eight rhizoboxes.  The rhizoboxes were then randomized and positioned at an angle of 
30° on a custom built rack in the greenhouse under natural light supplemented with 
artificial light (14 h day/10 h night) with temperatures maintained at 25 ± 3 °C during the 
day and 21 ± 3 °C at night.  The transparent acrylic faceplate was covered with dark vinyl 
film (Gila, USA) to prevent light interference with root growth.  Rhizobox experiments 
were carried out twice resulting in 4 replicates per cultivar and endophyte combination.   
2. Plant, soil and soil solution collection 
Rhizosphere soil solution was sampled once, 10 weeks after seed germination in 
the second rhizobox experiment by inserting six (6) miniRhizon soil moisture samplers 
(Rhizosphere Research Products, Wagenigen, Netherlands) per cultivar/endophyte 
combination into holes on the acrylic backplate of the rhizobox section (Figure 3.1b).  
The miniRhizon soil solution samplers were made of a hydrophilic porous inert polymer 
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(2.5 mm o.d., 2.5 cm length, maximum pore size 0.10 μm) married to a piece of 30 cm 
long Polyetheretherketon (PEEK) extension tubing capped with a fitting designed to 
connect to a 24 port vacuum manifold (Alltech Associates, Deerfield, Ill.).   Soil solution 
was extracted over 14 hours by maintaining a low, constant vacuum (–30 hPa) on the 
manifold to prevent oversampling of soil solution (Figure 3.1b). Soil solution was 
collected in 2 ml microtubes (Sarstedt, Germany), after which they were freeze-dried and 
stored in the freezer (-20oC) until analysis.   
Shoots were harvested by cutting the plants at the soil surface.  Bulk and 
rhizosphere soils were collected by removing the screws holding the clear acrylic 
faceplate on the rhizobox and removing the root mat from the box.  Bulk soil was defined 
as any soil loosely adhering to the root system and was collected by gently shaking the 
root system over a sterile bench pad.  Rhizosphere soils were defined as the soil tightly 
adhering to the root surface and were collected by gently brushing the soil from the root. 
Soil samples were stored with dry ice immediately after collection and then stored at -
20°C until enzyme and PLFA analyses. Plant shoot and roots were carefully washed with 
DI water in order to remove any adhering soil particles. Shoots and roots were then 
placed in a drying oven set to 65oC for two days after which root and shoot biomass was 
recorded. Plant biomass was calculated on a per 1000 plant basis as follows: plant 
biomass = (biomass of each rhizobox section/tiller number)*1000.   
3. Determining exudates composition via gas charomatography time of flight-mass 
spectrometry (GC-TOF MS) 
Freeze dried soil solution samples were analyzed using GC-TOF-MS at the West 
Coast Metabolomics Center at University of California, Davis.  In preparation for 
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analysis, root exudates were extracted in acetonitrile, dried down in a speedvac and then 
derivatized (Sana et al., 2010). An Agilent 6890 gas chromatograph coupled to a Pegasus 
IV time-of-flight mass spectrometer (Agilent, Böblingen, Germany) was used to analyze 
the root exudate composition. A Gerstel CIS4 with dual MPS injector with a 
multipurpose sample (MPS2) dual rail was used to inject 0.5 L of the sample into the 
Gerstel CIS cold injection system (Gerstel, Muehlheim, Germany).  The injector was 
operated in splitless mode with a flow rate of 10 µl/s, opening the split vent after 25 
seconds and then increasing the temperature from 50 °C to 250 °C at a rate of 12 °C/s. 
For separation, a 30 m long, 0.25 mm i.d. Rtx-5Sil MS column was used with an 
additional 10 m integrated guard column (0.25 µm of 5% diphenyl film and an additional 
10-m integrated guard column; Restek, Bellefonte, PA). The carrier gas was 99.9999% 
pure Helium with built-in purifier (Airgas, Radnor PA) set at constant flow rate of 1 
ml/min. The oven temperature was held constant at 50 °C for 1 min and then ramped at 
20 °C/min to 330 °C at which it was held constant for 5 min. Mass spectrometry was 
performed on a Pegasus IV TOF mass spectrometer (St. Joseph, MI) with the transfer line 
temperature between gas chromatograph and mass spectrometer maintained at 280 °C, 
electron impact ionization energy of -70 eV and an ion source temperature of 250 °C.  
MS data were acquired from m/z 85-500 at 17 spectra s-1 controlled by the 
LecoChromaTOF software vs. 2.32 (St. Joseph, MI).   Data were preprocessed 
immediately after acquisition, stored as .cdf files and then automated metabolite 
annotation was performed using the BinBase metabolic annotation database (Fiehn et al., 
2005).  The relative abundance of the compounds was calculated via peak height 
normalized to the sum intensity of all identified peaks.  
72 
 
4. Potential enzyme activity 
Potential enzyme activity of Β-Glucosidase (BG), Β-Xylosidase (BX), 
Cellobiohyrolase (CB), Β-N-acetylglucosaminidase (NAG), Leucine aminopeptidase 
(LAP), Acid Phosphatase (AP) were measured in all rhizosphere and bulk soil samples 
(Table 3.1) using a 96 well microtiter plate method described by  Deforest (2009) based 
on Saiya-Cork et al. (2002) with optimization of the incubation times (DeForest, 2009; 
Saiya-Cork et al., 2002).  Briefly, 1 g of soil was added to 60 ml of 50 mM sodium 
acetate buffer (pH=6) in a Nalgene bottle, a stir bar was added, the sample vortexed for 1 
min and then allowed to stir at 800 rpm for 2.5 min.   The soil slurry was then poured into 
a flat bottom 250 ml, 90 x50 mm Pyrex® crystallizing dish, the bottles rinsed three times 
with 25, 20 and 20 ml of buffer, and then the slurry set to stir at 100 rpm for 3 min.  After 
3 minutes, 200 l of the continuously stirring soil slurry was transferred into black 96 
well plates using an eight channel pipet.   
Plates were set up for the analysis of 3 soils per plate as described by Deforest 
(2009) and included blank, reference standard, quench and negative control wells, as well 
as sample and sample control wells.  Blank wells contained 250 l of sodium acetate 
buffer only.  Reference standard and quench wells contained 200 l sodium acetate 
buffer or 200 μl soil slurry, respectively, and 50 μl of 10 μM 4-Methyllumbelliferyl 
(MUB) for all enzymes except LAP which used 100 μM aminomethylcoumarin (AMC). 
Negative control wells contained 200 μl sodium acetate buffer and 50 μl of a 200 M 
MUB-linked substrate.  The sample control wells contained 200 μl soil slurry and 50 μl 
sodium acetate buffer.  And finally, the assay wells contained 200 μl soil slurry and 50 μl 
of a 200 M MUB-linked substrate solution.   The incubation began with the addition of 
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the substrate at which point the plates were covered and incubated at room temperature in 
a dark drawer for 30 min (NAG, AP), 2 h (BG, BX, CB, PER), or 24 h (LAP). After the 
incubation, 10 µl of 0.5 M NaOH was added into each well to enhance the fluorescence 
and to stop the reaction.  Exactly one minute after adding the NAOH, fluorescence was 
measured on a Wallac 1420 Victor2 multilabel fluorescence reader (Perkin- Elmer Inc.) 
using λ=355 nm excitation light and λ=450 nm emission light.  
Assays for potential peroxidase (PEROX) activity were conducted in 300 L clear 
microtiter plates by adding 50 µl of 25 mM L-dihydroxyphenylalanine (L-DOPA) and 10 
µl of 0.3 wt.% hydrogen peroxide as the substrate were loaded on the plate to react with 
soil slurries for photometric measurement at 480nm.  Potential enzyme activities were 
calculated using the equation described in German et al. (2011) (German et al., 2011).   
5. Microbial community structure - phospholipid fatty acid analysis (PLFA)  
Fatty acid methyl esters (FAMEs) were extracted form soil following the high-
throughput methods described by Buyer and Sasser (2012) (Buyer and Sasser, 2012).  
Briefly, FAMEs were extracted from freeze dried soil samples in Bligh-Dyer extractant 
containing internal 19:0 standard by first sonicating for 10 min in an ultrasonic bath at 
room temperature for 10 min followed by incubation on an end-over-end rotator for 2h. 
The slurry was then centrifuged for 10 min in a SpeedVac (Labconco Kansas City, MO, 
U.S.A.) after which the liquid phase was carefully transferred to a clean vial and 1.0 ml 
each of chloroform and water were added. The sample was vortexed for 10 seconds and 
then centrifuged for 10 min as described previously.  The top phase was then aspirated 
and the lower phase dried in the SpeedVac under vacuum at 30oC.  The dried powder was 
then dissolved in 1 mL chloroform in preparation for lipid separation by solid phase 
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extraction (SPE) using pre-conditioned (with methanol and chloroform) 96 well SPE 
plates (Phenomenex, Torrance, CA, USA). Phospholipids were eluted into a 1.5 mL 
multi-tier microplate (E&K Scientific, Santa Clara, CA) with 0.5 mL of a fresh 5:5:1, 
methanol:chloroform:H2O mixture and then dried in the SpeedVac at 70oC for 30 min 
followed by 37oC until dry.  Transesterification reagent (0.2 ml) was then added to the 
dried powder and the plate was incubated at 37 °C for 15 min.  Acetic acid (0.075 M) and 
chloroform (0.4 ml) where then added, the plate capped and vigorously shaken, and the 
phases were allowed to separate.  The bottom (chloroform) portion was then transferred 
to a 1 mL mutli-tier microplate and evaporated to dryness in the SpeedVac at room 
temperature.  The powder was then redissolved in 75 ml of hexane and transferred to GC 
vials with limited-volume inserts in preparation for chromatography.  
FAME concentrations were determined using an Agilent (Agilent Technologies, 
Wilmington, DE, USA) 7890 gas chromatograph (GC) equipped with auto sampler and 
flame ionization detector controlled by MIS Sherlock® (MIDI, Inc., Newark, DE, USA) 
and Agilent ChemStation software.  FAMEs were separated on an Agilent 7693 Ultra 2 
column (25 m long x 0.2 mm internal diameter x 0.33 m film thickness) with a column 
split ratio of 30:1 using ultra-high-purity hydrogen gas at a flow rate of 1.2 ml/min. The 
oven temperature was 190°C, ramping to 285 °C for 10 min and then 310°C for 2 min at 
rate of 10°C/min and 60 °C/min, respectively.  FAMEs were identified using the MIDI 
PLFA calibration mix and concentrations and percentages were calculated using the peak 
naming table of the Sherlock® microbial identification system.   
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6. Statistics 
Plant biomass, enzyme activities and levels of different chemicals identified via 
GC-TOF-MS were analyzed using ANOVA in JMP software version 10 (SAS Institute 
Inc, Cary, NC, USA). FAMEs were grouped into microbial biomarker groups as follows: 
gram-positive bacteria (G+; iso and anteiso branched), gram-negative bacteria (G-; 
monounsaturated), actinobacteria (10-methyl fatty acids), general fungi (18:2 6c), 
arbuscular mycorrhizae (16:1 5c), and protozoa (20:3 6c and 20:4 6c).  Total 
microbial biomass (TMB) was determined as the sum of all FAMEs and fungal to 
bacteria ratios (F:B) calculated as the sum of the general fungal biomarkers divided by all 
bacterial biomarkers. FAME proportions were calculated by dividing each biomarker 
group by the total of biomarker groups.  Cyclopropyl fatty acid /monoenoic precursors, 
cy17:0/16:1 ω7c, cy19:0/ 18:1 ω7c AND total saturated/total monounsaturated fatty acids 
ratios were also calculated. These ratios have been used as stress indicators (Bossio et al., 
1998; Kieft et al., 1994).  Soil microbial biomarker group concentrations and proportion 
data were treated as continuous response variables and analyzed using a generalized 
linear mixed model (Proc GLIMMIX, SAS v.9.3) (Stroup, 2014). Lognormal and beta 
distributions were fitted to the PLFA concentration and proportion data, respectively, in 
the GLIMMIX procedure of SAS with identity and logit link functions separately.  
Student’s t-test was used to conduct mean comparisons for significant main effects with a 
P≤ 0.05 for each analysis. 
 Log transformed GC-TOF MS data was also analyzed using hierarchical 
clustering using the JMP program to group the metabolite values into clusters using a 
Ward’s minimum variance method (Ward, 1963). The results were presented as a 
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dendrogram and color maps were generated after clustering to show the metabolite levels 
across their value range. Linear contrasts testing the effects of endophyte presence (E- vs 
the others) and the difference between endophyte strains (E- vs two novel endophytes; 
CTE+ vs two novel endophytes; AR542E+ vs AR584E+) were also performed in SAS 
9.3 (SAS Institute Inc, USA). Soil microbial biomarker groups were Hellinger 
transformed before multivariate analysis (Ramette, 2007). Non-metric multidimensional 
scaling (NMS) in PC-ORD (version 6, MjM Software Design, Gleneden Beach, OR) 
using Sorensen (Bray-Curtis) distances was use to evaluate how endophyte, tall fescue 
cultivar or their interaction influence soil enzyme activities, root exudate composition and 
PLFA signature microbial community groupings.  Environmental variables were included 
on the NMS ordination when if they had an associated r2 value ≥ 0.3.  The multi-response 
permutation procedure (MRPP) in PC-ORD (version 6, MjM Software Design, Gleneden 
Beach, OR) was used to determine if root exudate composition, soil enzyme activity, and 
signature soil microbial community groupings differed significantly between tall fescue 
cultivars, endophyte status, or their interaction. In MRPP, a small p-value indicates that 
the predefined grouping variables (cultivar, endophyte or cultivar x endophyte 
interactions) are more different than expected by chance.  The effect size is reflected in 
the A-value, the chance corrected within-group agreement, which indicates the similarity 
of samples within a group.  A = 1 if the samples in a group are identical and A is closer to 
zero if their heterogeneity is higher than expected by chance.   
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C. Results 
1. Plant biomass 
Tall fescue cultivar and endophyte status did not have a significant influence on 
plant biomass (Table 3.2, Figure 3.2).The 97TF/AR542E+ combination had the highest 
root, shoot and total mass compare to the other combinations.   
2. Identification and classification of metabolites via GC-TOF MS 
There are 277 bins were exported by the vocBinBase database, 133 of which were 
identified via the vocBinBase algorithm supported by the Adams mass spectral-retention 
index library (Skogerson et al., 2011). These compounds were mainly amines, lipids, 
sugar, carboxylic acid and phenolics (Table 3.3). The normalized relative abundance of 
79 compounds among these root exudate metabolites were significantly influenced by tall 
fescue cultivar, endophyte status or their interaction (Table 3.4). Dendrograms created 
from the cluster analysis using the identified metabolites show the relative level 
(green=low, red=high) of soil solution compounds by endophyte status (Figure 3.3) and 
the interaction of tall fescue cultivar and endophyte status (Figure 3.4). When clustered 
by endophyte status, soil solution profiles of E- and CTE+ clustered together while soil 
solution profiles of the two novel endophytes were clustered together with higher relative 
abundance for most of the metabolites than E- and CTE+ profiles (Figure 3.3). When 
clustered by the interaction of cultivar and endophyte status, 97TF1/AR542E+ and 
97TF1/AR584E+ were most similar and unique from the other combinations; both having 
the highest level of most soil solution compounds. Then, the next closest profiles were 
97TF1/CTE+ and PDF/E-, which had significantly lower levels of most soil solution 
compounds (Figure 3.4). The PDF/CTE+ combination was most similar to 
78 
 
PDF/AR542E+, which was also similar to 97TF1/E-. Notably, relative abundance of 
most of the soil solution compounds were very high in novel endophyte infected 97TF1 
(Figure 3.4).  
Tall fescue cultivar, endophyte status and their interaction had a significant 
influence on  the normalized relative abundance of the grouped soil solution compounds 
(sugars, polyols, amines, lipids, carboxylic acids, growth factors, phenolics and others) 
(Table 3.5). Differences in soil solution composition were significantly influenced by tall 
fescue cultivar (A=0.1071, p=0.0034). No significant differences (A=0.0190, p 
=0.360553) in soil solution composition were found due to endophyte status (E-, CTE+, 
AR542E+and AR584E+). Soil solution under the PDF/CTE+ and PDF/AR584E+ 
combinations had the highest levels of sugars than the other combinations (Figure 3.5a), 
and soil solution under PDF/E-, PDF/CTE+ and PDF/AR542E+ had the highest levels of 
polyols (Figure 3.5b). Notably, the highest level of lipids and phenolics were found in 
soil solution under 97TF1/AR542E+ (Figures 3.5c and 3.5d).   
3. Potential enzyme activity 
Potential BX activity was significantly different between tall fescue cultivars. 
Potential BX activity was 0.8939 nmol h-1 g-1 higher in soils under 97TF1 tall fescue 
stands compared to control, whereas potential BX activity in soils under PDF stands was 
1.494 nmol h-1 g-1 lower (Table 3.6 and 3.7). Although not significant, differences 
between potential NAP, AP, BG, and PER activities and control in soils under PDF were 
higher than the differences in potential enzyme activities between soils under 97TF1 and 
controls (Table 3.7). The difference between endophyte infected tall fescue stands and 
endophyte free stands was significantly affected by endophyte genotypes.  Potential LAP 
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activity was the only enzyme significantly influenced by endophyte strain.  Potential LAP 
activity in soils under CTE+ stands was 5.216 nmol h-1 g-1 greater than control samples 
while soils under AR542E+ and AR584E+ novel endophyte stands were lower than 
controls (Table 3.7).  
4. Microbial community structure via PLFA 
Soil microbial community structure was not significantly influenced by tall fescue 
cultivar (Table 3.8). Interestingly, endophyte status had an influence on AM fungi and 
cy17:0/16:1ω7c ratio (Table 3.8 and 3.9). Soils under tall fescue infected with novel 
endophyte AR584E+ stands contained significantly less of the AM fungi biomarker 
(16:17c), whereas AR542E+, CTE+ and endophyte-free combinations were not 
different.  The cy17:0/ 16:1ω7c ratio was found to be higher in two novel endophyte 
stands (Table 3.8 and 3.9).  
D. Discussion 
This study was initiated to evaluate if different tall fescue cultivar and endophyte 
genotype combinations have a perceptible influence on soil solution chemistry, microbial 
community structure and enzyme activity.  GC-TOF-MS analyses of the soil solutions 
identified amines, sugars and carboxylic acid as the main classes of chemicals in soil 
solution under tall fescue.  The source of the chemicals identified in soil solution could be 
directly from the plants, from microbes, or from soil organic matter. Based on my 
previous root exudate study in hydroponic system, 77 chemical compounds identified in 
soil solution were also found in hydroponic system, such as fructose, glucose, sucrose, 
arabitol, lauric acid, myristic acid, palmitic acid, stearic acid, glycine, tyrosine, phenol, 
benzoic acid, shikimic acid and etc. However, many carbohydrates and amines were 
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unique to the soil solution, such as glucoheptulose, inulotriose, levanbiose, lyxose, aniline 
and glycylglycine NIST. Many of the chemicals identified have been shown to be 
involved in mediating interactions between plants, and plants and microbes in variety of 
ways.   
Phytotoxic compounds, including those in the classes of lipids, carboxylic acids 
and phenolics, in root exudates have been shown to be allelopathic (Cipollini et al., 2012; 
Kalinova et al., 2007). For example, benzoic acid, lauric acid, linoleic acid, myristic acid, 
palmitic acid, phthalic acid and stearic acid inhibited the growth of lettuce (Magalhaes et 
al., 2012; Pramanik et al., 2000; Yu and Matsui, 1994). In this study, novel endophyte 
infected tall fescue rhizosphere contained significantly greater amounts of lauric acid 
than E-, while linoleic acid was found to be higher in AR542E+ soil compared to 
AR584E+ (Table 3.10). Vanillic acid, one of the most common phenolic acids in soil (Li 
et al., 1992), show different effects on the growth of weeds, lettuce, tomato and 
cockscomb (Kalinova et al., 2007; Kushima et al., 1998). Adipic acid also can induce 
growth inhibition in taro plantlets (Asao et al., 2003). The results from this study showed 
that all these allelochemicals were sensitive to tall fescue cultivar (greater in 97TF1 than 
PDF) and benzoic, linoleic, myristic, palmitic, stearic acid and vanillic acid were 
sensitive to their interaction between cultivar and endophyte. For example, the greatest 
amounts of myristic, palmitic, phthalic, stearic and vanillic acid were all observed in 
97TF1/AR542E+ soil solution (data not shown).    
Some of the root exudate components (such as carboxylic acids and phenolics) 
have been shown to affect nutrient availability which can alter soil chemical and physical 
properties on a larger scale. Phenolic compounds from CTE+ tall fescue were implicated 
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in solubilizing phorphorus from unavailable sources (Malinowski et al., 1998; 
Malinowski and Belesky, 1999). Under P deficiency, CTE+ tall fescue was found to 
release greater amounts of phenolic compounds which could release P from inorganic 
sources by binding Al, Fe, Cu or desorbing from clay paritcles and releasing it to soil 
solution. However, the secretion level of phenolics was not highest in CTE+ soil. This 
may indicate that phenolics in the rhizosphere were adsorbed to the clay particles instead 
of in soil solution in CTE+ soil. The higher greater AP activity in CTE+ than control may 
also explain the demand for P in CTE+ soil. 
Instead, the secretion level of phenol was significantly higher in AR542E+ than 
AR584E+ soil (Table 3.10), and 97TF1/AR542E+ soil contained the highest levels of 
phenolics compare to other combinations.  Carboxylic acids were also shown to enhance 
plant nutrient acquisition and mobilization of heavy metals in many studies. For example, 
Brassica napus (Hoffland et al., 1992), Lupinus albus L. (Gardner et al., 1983), Medicago 
sativa L. (Lipton et al., 1987), wheat, tomato and white lupin (Neumann and Romheld, 
1999) released large amounts of citric acid or malic acid under P-stress. Fumaric and 
shikimic acid were also observed in tomato root exudates under P deficiency (Neumann 
and Romheld, 1999). In this study, cultivar 97TF1 soil solution contained significantly 
higher levels of citric acid than PDF. It is well known that arbuscular mycorrhizal fungi 
have the ability to enhance P acquisition (Bagayoko et al., 2000) and the effect of fungal 
endophyte infection on arbuscular mycorrhizal fungi infection has been well studied. For 
example, CTE+ tall fescue decreased arbuscular mycorrhizal fungi infection rates by 26% 
compare to E- tall fescue at after 60 weeks in a mesocosm study (Buyer et al., 2011). 
Similarly, lower population and sporulation of arbuscular mycorrhizal fungi were found 
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with CTE+ tall fescue seedlings than E- tall fescue (Chu-chou et al., 1992). Endophytes 
produce alkaloids which the authors of these studies suggest may be have caused the 
inhibition. Unlike these results, I found no difference in AMF infection between E- and 
CTE+, however, I did find lower arbuscular mycorrhizal fungi concentrations in novel 
endophyte infected varieties with AR584E+ infected soil having significantly less (Table 
3.9). The novel endophyte varieties do not produce of anti-mammalian alkaloids, but the 
interaction may result in a different combination of chemicals that are inhibitory of 
arbuscular mycorrhizal fungi, which still needs to be elucidated. Since I didn’t measure 
alkaloid content in this study, more research is still needed to clarify the mechanism.  
One of the mechanisms by which plants have been shown to have allelopathic and 
stimulatory effects on nutrient acquisition is by influencing the soil microbial community 
structure and composition (Bertin et al., 2003). Amino acids are a major class of 
compounds in root exudates, which have been shown to be essential components for 
microbial root colonization (Oku et al., 2012). For example, 20 commonly-occurring L-
amino acids were shown to be chemoattractants of Pseudomonas fluorescens Pf0-1 
tomato roots (Oku et al., 2012). Other amines, such as leucine, isoleucine and valine were 
required for root colonization of Pseudomonas fluorescens WCS365 on tomato roots 
(Simons et al., 1997). My study observed higher levels of alanine (Ala) in AR542E+ than 
AR584E+ soil solution. Alanine has also been shown to promote spore germination and 
sporulation of Fusarium oxysporum (Hao et al., 2010). Phenylalanine is also the 
precursor of flavonoids, tannins and salicylic acid which has been shown to induce more 
complex plant defense response against pathogens and insects (Dixon et al., 2002; 
Treutter, 2006; Tzin and Galili, 2010; Wildermuth et al., 2001). In this experiment, the 
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level of phenylalanine was higher in 97TF1 than PDF soil after 10 weeks growth. The 
absolute concentration of fungi was found to be higher in AR542E+ than AR584E+ in 
this study, but the difference was not significant. Some lipids (such as capric, caprylic, 
lauric, myristic, palmitic, oleic acid and etc) have been shown to reduce M.incognita 
(root-knot nematodes) reproduction (Zhang et al., 2012) and inhibited spore germination 
of phytopathogenic fungi (Liu et al., 2008). Especially, lauric acid showed strong 
inhibition against gram-positive organisms whereas capric acid was found to have the 
strongest effect on killing nematodes (M.incognita) (Zhang et al., 2012) and fungi 
(Candida albicans and C.lagenarium) (Bergsson et al., 2001; Liu et al., 2008). 
Interestingly, one of the phenolic compounds, vanillin, has been shown to be affective 
against pathogenic organisms in fresh-cut fruits and vegetables (Rupasinghe et al., 2006) 
and also had antifungal activity (Fitzgerald et al., 2005). This result was also supported 
by lowest absolute concentration of fungi in 97TF1/AR542E+ soil (data not shown), 
which had the highest levels of lipids and phenolics (Figures 3.5c and 3.5d). 
Rhizodeposits are good energy resource for soil microorganisms with about 64%-
86% of the carbon released to the rhizosphere being rapidly respired by microorganism 
(Esperschutz et al., 2009; Hutsch et al., 2002; Ohtonen et al., 1999). Fructose and alanine 
showed strong positive priming effect in forest soils resulting in a doubling of SOC 
mineralization (Hamer and Marschner, 2005). De Nobili et al (2001) found that addition 
of glucose and amino acids led to more CO2-C evolution from soil (De Nobili et al., 
2001).  
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E. Conclusion 
Rhizosphere is a highly dynamic and complex region that provides a nutrient-rich 
environment for organism. Plant species, climate and edaphic factors could impact the 
rhizophere environment, such as root exudate composition and microbial communities. In 
this rhizobox study, I found that different tall fescue cultivar and endophyte status 
symbiose did alter their soil solution composition and also shaped soil microbial 
community structure (especially the AM fungi group) as well as activities as I 
hypothesized. Notably, many chemicals identified in soil solution, which were 
significantly influenced by fescue cultivar, endophyte status and their interaction, may be 
involved in nutrient acquisition, allelopathic effect, heavy metal tolerance and changing 
soil microbial community structure. Because I conducted the experiment in the rhizobox 
in the greenhouse condition, the concentration of chemicals in soil solution may be higher 
in an uncontrolled environment which may lead to further impact on soil carbon and 
nitrogen sequestration. Since the field condition is much more complicated than 
rhizobox, climate, edaphic factors, field management and other factors could be able to 
affect the natural system; additional work is also needed to clarify the response of soil 
microbial communities to tall fescue and endophyte symbiosis in field conditions. 
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Table 3.1. Descriptions of enzyme functions and substrates used in enzyme activity assay 
(Weintraub et al.,2007) 
Enzyme Enzyme function Substrate 
β-Glucosidase (BG) Release glucose from 
cellulose 
4-Methyllumbelliferyl-β-D-
glucopyranoside 
β-Xylosidase (BX) Hydrolyzes xylose from xylan 4-Methyllumbelliferyl-β-D-
xylospyranoside 
Cellobiohyrolase (CB) Release cellobiose from 
cellulose 
4-Methyllumbelliferyl-β-D-
cellobioside 
β-N-acetyl-glucosaminidase 
(NAG) 
Hydrolyze N-acetyl 
glucosaminidase  from chitin-
derived oligomers 
4-Methyllumbelliferyl-N-
acetyl-β-D-glycosaminide 
Leucineaminopeptidase 
(LAP) 
Catalyzes the hydrolytic 
release of leucine and other 
amino acids from peptides 
L-leucine-7-amido-4-
methylcoumarinhydrochloride 
Acid Phosphatase (AP) Hydrolysis of 
phosphomonoesters into 
orthophosphates 
4-Methyllumbelliferyl-
phosphate 
Peroxidase (PER) Catalyze oxidative reactions L-dihydroxyphenylalanine 
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Table 3.2 ANOVA table of tall fescue biomass affected by tall fescue cultivar, endophyte 
status and their interaction. 
 Tall Fescue Cultivar Endophyte Status Interaction 
 F P F P F P 
Root mass 2.71 0.11 1.35 0.28 0.24 0.87 
Shoot mass 3.16 0.09 1.45 0.25 0.48 0.70 
Total mass 3.03 0.09 1.38 0.27 0.36 0.78 
Root:shoot 0.006 0.94 1.76 0.18 1.43 0.26 
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Table 3.3 Classification of root exudate compounds identified by BinBase 
Class Of 
Compounds 
 
 
Class Of 
Compounds 
 
Amines 5-Aminovaleric Acid, Alanine, 
Aniline, Asparagine, Aspartic Acid, 
Beta-Alanine, Cyclohexylamine NIST, 
Ethanolamine, GABA, Glutamic Acid, 
Glutamine, Glycine, Glycylglycine 
NIST, Isoleucine, Leucine, Lysine, 
Ornithine, Oxoproline, Phenylalanine, 
Proline, Putrescine,Serine, Threonine, 
Triethanolamine, Tyrosine, Valine 
Carboxylic 
acid 
 
 
2-Hydroxyglutaric Acid, 2-
Ketoadipic Acid, 3,4-
Dihydroxybenzoic Acid, 3-
Hydroxybutanoic Acid, 3-
Hydroxypropionic Acid, 4-
Hydroxybutyric Acid, Adipic Acid, 
Alpha Ketoglutaric Acid, Azelaic 
Acid, Behenic Acid, Benzoic Acid, 
Citric Acid, Enolpyruvate NIST, 
Fumaric Acid, Gluconic Acid, 
Glutaric Acid, Glycolic Acid, 
Hydroxycarbamate NIST, 
Isothreonic Acid, Lactic Acid, 
Maleic Acid, Maleimide, Malic 
Acid, Phthalic Acid, Pyruvic Acid, 
Saccharic Acid, Shikimic Acid, 
Succinic Acid 
Phenolics 1,2,4-Benzenetriol, 4-
Hydroxybenzoate, Phenol, Vanillic 
Acid, Vanillin 
Lipids 1-Hexadecanol, 1-Monopalmitin, 1-
Monostearin, 6-Hydroxycaproic Acid,  
Arachidic Acid, Capric Acid, Caprylic 
Acid, Dodecanol, Isoheptadecanoic 
Acid, Lauric Acid, Linoleic Acid, 
Myristic Acid, Octadecanol, Oleic 
Acid, Palmitic Acid, Pelargonic Acid, 
Pentadecanoic Acid, Stearic Acid 
Polyol 6-Deoxyglucitol NIST, Arabitol, 
Cellobiotol, Erythritol, Glycerol, 
Glycerol-3-Galactoside, Mannitol, 
Pinitol NIST, Quinic Acid, Ribitol, 
Sorbitol, Xylitol 
Vitamin Myo-Inositol 
Sugars 3,6-Anhydrogalactose, Arabinose, 
Cellobiose, Dihydroxyacetone, 
Erythrose, Fructose, Fucose + 
Rhamnose, Galactinol, 
Glucoheptulose, Glucose, Glucose-1-
Phosphate, Glyceric Acid, Inulotriose, 
Levanbiose, Levoglucosan, Lyxose, 
Maltose, Melibiose, N-
Acetylmannosamine, Rhamnose, 
Ribose, Sucrose, Tagatose, 
Threonic,Threose, Trehalose, Xylose, 
Xylulose Nist 
Others 2-Phenylpropanol Nist, 5-
Aminovaleric Acid Lactame, 
Acetophenone NIST, Butyrolactam 
NIST, Dihydroabietic Acid, 
Dodecane, Epsilon-Caprolactam, 
Glyoxalurea NIST, Hydroxylamine, 
Isonicotinic Acid, Parabanic Acid 
NIST, Phosphoric Acid, Propane-
1,3-Diol NIST, Salicylaldehyde, 
Urea 
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Table 3.4 Table of root exudate compounds significantly influenced by tall fescue 
cultivar, endophyte status and their interaction. Significant effects are given in bold 
(p≤0.05). 
 Tall Fescue cultivar Endophyte status Interaction 
 F P F P F P 
Amines       
Aniline 49.74 0.0002 2.73 0.12 9.63 0.01 
Aspartic Acid 15.11 0.01 1.59 0.28 5.26 0.03 
Beta-Alanine 8.58 0.02 2.09 0.19 4.31 0.05 
Cyclohexylamine Nist 10.32 0.01 2.40 0.15 4.42 0.05 
Ethanolamine 7.01 0.03 3.90 0.06 8.51 0.01 
Phenylalanine 12.87 0.01 2.01 0.20 2.46 0.15 
Putrescine 10.89 0.01 0.65 0.61 2.06 0.19 
Carboxylic Acid       
2-Hydroxyglutaric Acid 5.94 0.04 3.56 0.08 1.42 0.32 
2-Ketoadipic Acid 12.04 0.01 3.15 0.10 1.61 0.27 
3,4-Dihydroxybenzoic Acid 34.95 0.0006 3.37 0.08 10.32 0.01 
3-Hydroxybutanoic Acid 13.49 0.01 3.27 0.09 3.43 0.08 
3-Hydroxypropionic Acid 13.94 0.01 2.80 0.12 2.74 0.12 
4-Hydroxybutyric Acid 5.80 0.05 1.61 0.27 0.70 0.58 
Adipic Acid 9.13 0.02 1.16 0.39 0.75 0.56 
Azelaic Acid 15.65 0.01 1.80 0.23 8.89 0.01 
Behenic Acid 9.72 0.02 1.89 0.22 4.04 0.06 
Benzoic Acid 17.61 0.004 3.78 0.07 7.39 0.01 
Citric Acid 5.65 0.05 1.26 0.36 1.46 0.30 
Enolpyruvate Nist 51.59 0.0002 6.75 0.02 11.73 0.004 
Gluconic Acid 4.50 0.07 2.07 0.19 4.70 0.04 
Glutaric Acid 8.43 0.02 1.69 0.25 0.81 0.52 
Hydroxycarbamate Nist 20.25 0.003 3.02 0.10 5.21 0.03 
Isothreonic Acid 4.27 0.08 0.82 0.52 6.42 0.02 
Lactic Acid 13.91 0.01 3.77 0.07 4.05 0.06 
Maleimide 19.72 0.003 2.96 0.11 3.75 0.07 
Phthalic Acid 7.25 0.03 0.98 0.46 3.62 0.07 
Pyruvic Acid 15.16 0.01 1.86 0.23 11.51 0.004 
Lipids       
1-Hexadecanol 10.69 0.01 1.75 0.24 6.02 0.02 
1-Monopalmitin 11.69 0.01 4.10 0.06 4.66 0.04 
1-Monostearin 7.32 0.03 3.77 0.07 5.16 0.03 
6-Hydroxycaproic Acid 32.63 0.0007 1.33 0.34 7.32 0.01 
Arachidic Acid 15.92 0.01 1.76 0.24 6.86 0.02 
Caprylic Acid 5.28 0.06 2.25 0.17 4.60 0.04 
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Table 3.4  (Continued) 
Dodecanol 15.26 0.01 3.08 0.10 6.22 0.02 
Isoheptadecanoic Acid 27.11 0.001 2.24 0.17 6.26 0.02 
Lauric Acid 10.19 0.02 2.26 0.17 3.07 0.10 
Linoleic Acid 13.52 0.01 3.63 0.07 6.61 0.02 
Myristic Acid 17.43 0.004 2.23 0.17 5.98 0.02 
Octadecanol 31.56 0.0008 4.45 0.05 12.43 0.003 
Oleic Acid 15.94 0.01 2.64 0.13 4.38 0.05 
Palmitic Acid 17.66 0.004 1.94 0.21 5.95 0.02 
Pentadecanoic Acid 13.17 0.01 2.25 0.17 5.09 0.04 
Stearic Acid 16.69 0.01 1.60 0.27 6.08 0.02 
Phenolics       
4-Hydroxybenzoate 18.28 0.004 2.58 0.14 6.51 0.02 
Phenol 13.20 0.01 3.10 0.10 5.18 0.03 
Vanillin 13.44 0.01 3.20 0.09 5.96 0.02 
Vanillic Acid 16.81 0.005 1.18 0.38 11.52 0.004 
Polyol       
6-Deoxyglucitol Nist 21.68 0.00 2.19 0.18 9.04 0.01 
Arabitol 13.25 0.01 1.88 0.22 7.66 0.01 
Erythritol 7.35 0.03 0.12 0.95 1.18 0.38 
Glycerol 105.48 <0.0001 15.12 0.002 6.47 0.02 
Ribitol 18.02 0.004 5.64 0.03 9.12 0.01 
Sugar       
Arabinose 18.18 0.004 0.72 0.57 26.97 0.0003 
Dihydroxyacetone 2.76 0.14 0.50 0.69 5.07 0.04 
Erythrose 15.74 0.01 0.87 0.50 25.45 0.0004 
Fructose 43.62 0.0003 1.98 0.21 27.67 0.0003 
Glucose-1-Phosphate 14.97 0.01 4.76 0.04 6.72 0.02 
Glyceric Acid 0.00 0.97 4.98 0.04 3.01 0.10 
Inulotriose 32.65 0.0007 2.21 0.17 20.67 0.0007 
Levanbiose 10.72 0.01 1.15 0.39 6.00 0.02 
Melibiose 6.57 0.04 1.00 0.45 1.03 0.44 
Rhamnose 11.13 0.01 2.68 0.13 12.58 0.003 
Ribose 7.51 0.03 0.74 0.56 1.41 0.32 
Threose 0.55 0.48 5.59 0.03 5.31 0.03 
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Table 3.5 ANOVA table of root exudate compounds categories affected by tall fescue 
cultivar, endophyte status and their interaction. Significant correlations are in bold 
(p≤0.05). 
 Tall fescue cultivar Endophyte status Interaction 
 F P F P F P 
Amines 1.09 0.33 1.99 0.20 1.09 0.41 
Carboxylic 
acid 
15.37 0.01 2.11 0.19 4.08 0.06 
Vitamin 2.93 0.13 0.36 0.78 0.91 0.48 
Lipids 14.91 0.01 1.47 0.30 5.61 0.03 
Others 32.16 0.0008 2.27 0.17 4.89 0.04 
Phenolics 12.47 0.01 2.27 0.17 5.96 0.02 
Polyol 95.74 <0.0001 13.31 0.003 5.47 0.03 
Sugar 18.27 0.004 3.77 0.07 17.24 0.001 
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Table 3.6 ANOVA table of enzyme activities affected by tall fescue cultivar, endophyte 
statues and their interaction. Significant correlations are in bold (p≤0.05). 
Enzymes Tall fescue cutlivar Endophyte status Interaction 
 F P F P F P 
NAG 2.02 0.18 0.31 0.74 0.07 0.93 
AP 0.26 0.62 1.48 0.27 0.02 0.98 
BG 0.15 0.70 1.32 0.30 0.06 0.95 
BX 15.43 0.002 0.86 0.45 0.65 0.54 
CB 0 0.95 3.33 0.07 4.28 0.04 
LAP 1.26 0.28 6.33 0.01 0.18 0.84 
PER 0.18 0.68 0.36 0.70 0.2 0.82 
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Table 3.7 Mean values of difference of enzyme activities across each endophyte 
genotypes and tall fescue cultivars. Differences were calculated as (Sample-Control) for 
each sample. Different letters within a column represent significant difference among 
endophyte strains or between two cultivars (p≤0.05). 
Endophyte 
Genotype 
NAG AP BG BX CB LAP PER 
CTE+ 2.4576a 41.1615a 16.5757a 0.2631a 1.5970a 5.2160a 0.3929a 
AR542E+ -1.3756a -9.2374a 4.1372a -0.6068a -0.9533a -0.8999b -0.0210a 
AR584E+ 1.8262a -3.5495a -2.7706a -0.5565a -1.5128a -2.8157b -0.1358a 
 
Tall fescue 
cultivar 
       
97TF1 -2.0429a 2.7899a 4.0690a 0.8939a -0.2550a 1.5790a -0.0349a 
PDF 3.9817a 16.1265a 7.8926a -1.4940b -0.3244a -0.5787a 0.1922a 
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Table 3.8 ANOVA table of soil microbial community groups (absolute concentrations 
and proportions) affected by tall fescue cultivar, endophyte statues and their interaction. 
Significant correlations are in bold (p≤0.05). 
 Tall fescue  cultivar Endophyte status Interaction 
Absolute 
concentrations 
F P F P F P 
Gram + 0.42 0.53 2.89 0.07 0.96 0.43 
Gram - 0.01 0.91 2.8 0.07 1.38 0.29 
Actinobacteria 0.04 0.84 2.13 0.14 1.13 0.36 
Fungi 0.22 0.65 0.25 0.86 1.09 0.38 
AM fungi 0.17 0.69 5.09 0.01 1.66 0.22 
Protozoa 0.04 0.84 1.68 0.23 0.57 0.64 
Total PLFA 0.01 0.92 2.89 0.07 1.47 0.29 
Cyclo/precursors 7.16 0.02 1.98 0.16 1.13 0.37 
Total saturated/total 
monounsaturated 
3.24 0.09 1.74 0.20 0.76 0.53 
cy17:0/16:1 w7c 12.84 0.003 3.72 0.04 0.14 0.94 
cy19:0/18:1w7c 1.59 0.23 0.24 0.86 2.27 0.12 
Proportions       
Gram +%  1.66 0.22 1.25 0.32 0.5 0.69 
Gram -%  0.21 0.65 1.55 0.24 0.65 0.59 
Actinobacteria%  0.22 0.64 0.04 0.99 1.31 0.30 
Fungi%  0.96 0.34 0.4 0.75 0.59 0.63 
AM fungi%  1.57 0.23 0.6 0.62 1.59 0.23 
Protozoa%  0.21 0.66 1.79 0.21 0.9 0.47 
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Table 3.9 Endophyte effect on absolute concentration of soil microbial community 
groupings and PLFA ratios. Different letters within a row represent significant difference 
among endophyte statuses (p≤0.05). 
 E- CTE+ AR542E+ AR584E+
Gram + 12.5802a 13.2894a 12.9018a 10.5714a 
Gram - 19.5425a 19.5947a 19.2726a 17.0341a 
Actinobacteria 7.1239a 7.2628a 7.1498a 6.2593a 
Fungi 3.5228a 4.0293a 3.4502a 3.4149a 
AM fungi 1.0335a 1.0515a 1.0116a 0.8658b 
Protozoa 0.3042a 0.4034a 0.3589a 0.1932a 
Total PLFA 58.2262a 59.9843a 58.0697a 50.9843a 
cyclo/precursors 2.7851a 3.0878a 3.0571a 3.0837a 
Total saturated/total 
monounsaturated 
1.3947a 1.3463a 1.3242a 1.4701a 
cy17:0/16:1 w7c 1.1030b 1.1748ab 1.2138a 1.2582a 
cy19:0/18:1w7c 8.7887a 8.9696a 8.6553a 9.1557a 
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Table 3.10 P values for the linear contrast analyses testing the effect of endophyte 
presence (E- vs. others, E- vs. CTE+), endophyte free and common toxic endophyte vs. 
novel strains (E- vs. novel and CTE+ vs. novel), and differences between novel 
endophytes (AR542E+ vs. AR584E+) significant on individual root exudate compounds. 
Significant effects are bolded. 
 E- vs 
others 
E- vs 
CTE+ 
E- vs 
novel 
E+ vs 
novel 
AR542E+ 
vs 
AR584E+ 
Amines 0.50 0.83 0.29 0.21 0.10 
Beta-Alanine 0.84 0.78 0.90 0.84 0.04 
Phenylalanine 0.48 0.20 0.82 0.21 0.10 
Putrescine 0.37 0.40 0.42 0.87 0.35 
Carboxylic Acid 0.88 0.36 0.46 0.10 0.15 
2-Hydroxyglutaric Acid 0.50 0.08 0.86 0.04 0.10 
2-Ketoadipic Acid 0.03 0.15 0.02 0.34 0.34 
3-Hydroxybutanoic Acid 0.39 0.38 0.11 0.02 0.53 
3-Hydroxypropionic Acid 0.46 0.82 0.26 0.18 0.05 
4-Hydroxybutyric Acid 0.42 0.87 0.30 0.38 0.12 
Adipic Acid 0.19 0.16 0.29 0.53 0.37 
Behenic Acid 0.44 0.63 0.19 0.08 0.38 
Citric Acid 0.59 0.90 0.41 0.34 0.16 
Glutaric Acid 0.16 0.21 0.20 0.87 0.15 
Lactic Acid 0.34 0.72 0.14 0.07 0.05 
Maleimide 0.28 0.92 0.13 0.11 0.08 
Phthalic Acid 0.93 0.46 0.76 0.26 0.27 
Lipids 0.64 0.87 0.46 0.36 0.12 
Lauric Acid 0.06 0.29 0.04 0.27 0.56 
Phenolics 0.32 0.91 0.19 0.23 0.09 
Polyol 0.001 0.04 0.0007 0.03 0.04 
Erythritol 0.85 0.87 0.72 0.59 0.96 
Sugar 0.23 0.81 0.13 0.19 0.03 
Glyceric Acid 0.17 0.46 0.03 0.01 0.73 
Melibiose 0.45 0.20 0.77 0.23 0.45 
Ribose 0.74 0.60 0.45 0.19 0.87 
 
 
  
96 
 
 
 
Figure 3.1: Photograph of rhizoboxes in greenhouse showing (a) the watering system 
used to maintain soil water potential at -40 hPa (-0.04 bar) and (b) soil solution sampling 
using miniRhizon soil solution samplers hooked to a 24 port vacuum manifold 
maintained at -30 hPa.     
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Figure 3.2 Endophyte status [endophyte free, E-; common toxic endophyte infected, 
CTE+; novel endophyte infected, AR542E+ and AR584E+] and tall fescue cultivar [PDF 
and 97TF1] influence on (a) root biomass (b) shoot biomass (c) total mass (d) root:shoot. 
When no letters are present a significant cultivar by endophyte interaction was not 
observed (Table 3.2). 
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Figure 3.3 Normalized relative metabolite abundance and hierarchical clustering of 
identified compounds by endophyte status. The rows of the heat map represent different 
endophyte status and columns show the identified root exudate compounds. The colors 
from black, green to red reflect the relative abundance of the metabolites from lowest to 
highest. 
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Figure 3.4 Normalized relative metabolite abundance and hierarchical clustering of 
identified root exudate compounds influenced by tall fescue cultivar/endophyte status. 
The rows of the heat map represent different endophyte status and tall fescue cultivar 
combinations and columns show the identified compounds. The colors from black, green 
to red reflect the relative abundance of the metabolites from lowest to highest. 
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Figure 3.5 Secretion levels of root exudates categories (a) sugar (b) polyol (c) lipids (d) 
phenolics influenced by tall fescue cultivar and endophyte status interaction. Different 
letters represent significant difference between two cultivars (p ≤ 0.05). 
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IV. CHAPTER 4 – ALTERATION OF CARBON AND NITROGEN POOLS IN 
BULK AND RHIZOSPHERE SOIL IN RESPONSE TO TALL FESCUE 
CULTIVAR AND ENDOPHYTE STATUS 
A. Introduction 
Tall fescue (Lolium arundinaceum (Schreb.) Darbysh. = Schedonorus 
arundinaceus (Schreb.) Dumort., formerly Festuca arundinacea Schreb. var. 
arundinacea Schreb.) (Gibson and Newman, 2001), is a perennial, cool season 
bunchgrass thought to have come to the United States in the 1800’s from Europe.  
Kentucky 31 is a very well-known variety of tall fescue which is infected by a fungal 
endophyte, E. coenophiala.  E. coenophiala is an asexual species (heteroploid) persisting 
from generation to generation by infecting the plant seeds in a process called ‘vertical 
transmission’ (Clay and Schardl, 2002; Kuldau and Bacon, 2008; Malinowski and 
Belesky, 2000; Schardl, 2010; Siegel et al., 1987). Tall fescue receives many benefits 
from its association with E. coenophiala.  
Secondary metabolites, such as ergot and loline alkaloids and phenolic 
compounds,  produced by the endophyte  (Arechavaleta et al., 1992; Bush et al., 1993; 
Luu et al., 1982; Tan and Zou, 2001)  are thought to improve the plants resistance to 
biotic stresses from mammalian herbivores (Clay et al., 2005), phytophagous insects 
(Clay and Cheplick, 1989; Johnson et al., 1985), and pathogens (Bacetty et al., 2009; 
Chuchou et al., 1992; Clement et al., 1990; Finkes et al., 2006; Timper et al., 2005), as 
well as improving tolerance to abiotic stresses like water deficit (Bacon, 1993; Bayat et 
al., 2009; Elmi et al., 2000), or nutrient deficiency  (Lyons et al., 1986; Malinowski et al., 
1998b; Matthews and Clay, 2001).  Aside from the positive aspects of hosting E. 
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coenophiala, there are many negative aspects due to the ergot and indole-diterpene 
alkaloids.  The ergot and indole-diterpene alkaloids are responsible for weight loss and 
reduced calf births in economically important ruminants (Bacon, 1995; Beck et al., 2008; 
Clay, 1990; Hemken et al., 1981; Hoveland, 1993; Hurley et al., 1980; Paterson et al., 
1995; Schmidt and Osborn, 1993). As a result, there has been substantial effort to remove 
the common toxic endophyte from tall fescue and replace it with novel endophyte strains 
that retained all the same advantages of the common toxic endophyte, but are not toxic to 
grazing ruminants (Phillips and Aiken, 2009).  
 Aside from losses in animal productivity, several researchers have noted that the 
above ground endophytic association may possibly influence below ground soil 
processes.  The first of these studies appeared in 1999 where it was observed that a 
pasture in Georgia dominated by common toxic endophyte infected tall fescue had higher 
soil organic carbon and nitrogen concentrations and potentially lower microbial activity 
than soils samples from endophyte free tall fescue (Franzluebbers et al., 1999). There are 
several factors that could have accounted for these observations including higher plant 
production of CTE+ tall fescue, changes in litter decomposition rates due to the alkaloids 
in the shoot tissues, and the addition of rhizodeposits (e.g. root exudates or root debris) 
containing metabolites unique to common toxic endophyte infected tall fescue into the 
rhizosphere which may inhibit microbial activity. Similarly, particulate organic carbon 
and non-particulate organic carbon were found to be higher in soils dominated by CTE+ 
tall fescue (Franzluebbers and Stuedemann, 2002). In another study conducted across the 
southeastern U.S., endophyte infection did significantly increased carbon and nitrogen 
sequestration compare to endophyte free stands (Iqbal et al., 2012). However, during a 60 
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days short term study, no detectable changes in carbon and nitrogen fractions related to 
endophyte infection status were observed (Franzluebbers, 2006). Total carbon and 
particulate carbon were not affected by endophyte infection after four years observation 
in a recent study, but microbial biomass carbon (MBC) was higher in E+ tall fescue field 
than E- tall fescue field in depth 0-15cm (Handayani et al., 2011). Understanding the 
mechanisms underlying the tall fescue-endophyte symbiotic influence on soil nutrient 
pools is still lacking. Endophyte effects on aboveground biomass decomposition and 
belowground inputs (root exudates and root biomass) are possible mechanisms through 
which aboveground fungal endophytes influence soil nutrient cycling. Franzluebbers 
(2006) also suggested that greater plant production might be the major contributor to the 
greater carbon content observed in soils of his study.  
A major part of below ground carbon inputs are root litter and root exudates, 
which provide a link between the plant and soil microorganisms. By definition, root 
exudates are compounds, such as sugars, amino acids, mucilage, root cells, phenolics and 
organic acids, which are released from plant roots and  interact with the surrounding soil 
giving rise to the rhizosphere (Broeckling et al., 2008; Jones et al., 2004; Malinowski et 
al., 1998a; Van Hecke et al., 2005).  Roughly, 11-40% of net fixed carbon by plants can 
be exuded by roots into the rhizosphere as rhizodeposition (Jones et al., 2009). Previous 
research has demonstrated that root exudates can influence the soil microbial community 
(Buyer et al., 2011; Casas et al., 2011; Chuchou et al., 1992; Jenkins et al., 2006), 
eventually affecting soil carbon dynamic (Broeckling et al., 2008). For example, Iqbal et 
al. (2012) found greater total microbial biomass and lower fungal to bacterial ratios in 
endophyte infected stands than endophyte free soils when averaged across sites (Iqbal et 
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al., 2012). Suppressions of high G+C gram-positive bacterial community in bulk clay 
loam soil and delta-proteobacterial community in rhizosphere clay loam soil by CTE+ tall 
fescue had been detected in a 60-week mesocosm study (Jenkins et al., 2006).  
Interestingly, Buy et al. (2010) did not observe a significant influence of endophyte 
infection on soil microbial changes. Moreover, soil microorganisms were shown to be a 
key factor regulating organic matter decomposition and are involved in plant nutrient 
uptake (Frederick and Klein, 1994; Paterson, 2003; Robinson et al., 1989).   
There has been intense interest in how common toxic endophyte infection in tall 
fescue influences soil nutrient cycling; however, less research has focused on how the 
newer novel endophyte strains will influence belowground biogeochemical processes, 
such as root exudate production, changes in soil nutrient pools, litter decomposition, soil 
microbial community structure and activity.  In my prior study, a variety of root exudate 
compounds were identified from tall fescue, ranging from organic acids, sugar and amino 
acids, the chemical composition and relative abundance of which  was influenced by tall 
fescue cultivar, endophyte genotype and their interaction. 
These findings together with my prior results suggest that endophyte status and 
tall fescue cultivar may affect soil microbial community structure and/or function which 
could contribute to observations of increased carbon and nitrogen content in pasture soils 
throughout the southeastern United States.  Therefore, the purpose of this study was to 
determine the influence of endophtye status, tall fescue cultivar and their interaction on 
microbial community structure and function, and C and N pools in field soils under 
combinations of two tall fescue cultivars with no endophyte (E-), the common toxic 
endophyte (CTE+) or novel endophytes AR542E+ and AR584E+. I hypothesized that: 1) 
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tall fescue cultivar and endophyte status would influence soil microbial community 
structure; 2) tall fescue cultivar and endophyte status would affect soil carbon and 
nitrogen fractions; 3) soil microbial community structure and soil nutrient pool would be 
different between rhizosphere soil and bulk soil. Soils were sampled from pastures 
previously used for a grazing preference trial at the University of Kentucky Spindletop 
Research Farm which included two different tall fescue cultivars (PDF and 97TF1), each 
containing four endophyte treatments (endophyte-free (E-) or infected with one of three 
strains of E.coenophiala (common toxic, novel AR542E+ and novel AR584E+)).   
B. Materials and methods 
1. Site description and soil sampling 
Plots used in this study were established in 2006 as part of a grazing preferences 
trail at the University of Kentucky Spindletop research farm in Lexington KY, USA (38 ̊ 
08’ 03” N, 84 ̊ 29’ 56” W).  The experimental design was a randomized complete block 
with a factorial arrangement of tall Fescue cultivar by endophyte combination replicated 
9 times.  Nitrogen fertilization (50 lbs acre-1) was applied in October every year from 
2006 to 2011 with periodic mowing 3-4 times per year.  Each group of three reps was 
grazed for one day with either 4, 15 month old beef steers (twice in 2008) or 5, 15 month 
old beef heifers (twice in 2009).   The mean annual temperature at the site is 13 ̊C with 
1124 mm of annual precipitation. Included in each block were the tall fescue cultivars 
PDF and 97TF1 (The Samuel Roberts Noble Foundation, Ardmore, OK) each without 
endophyte infection (E-), infected with common toxic endophyte (CTE+), or infected 
with the two novel endophyte genotypes AR542E+ and AR584E+ (Ag Research; 
Hamilton, New Zealand).   In 2008 endophyte infection rates were ≥ 82% in E+ plots 
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(CTE+ or novel endophyte) and ≤ 14% in the E- plots.  Bluegrass-Maury silt loam (Fine 
mixed, active, mesic Typic Argiudolls) soils were collected under each tall fescue 
cultivar and endophyte combination in mid-April 2012 from seven blocks. Bulk soil, 
defined here as soil not in direct contact with the tall fescue roots, was collected by 
removing several whole plants from each plot and gently shaking the plants to release the 
soil.  Rhizosphere soil, defined here as the soil tightly adhering to the root surface, was 
then collected by physically brushing the soil from the root surface with a sterile soft-
bristled paintbrush.  Samples were immediately passed through a 2 mm sieve removing 
any obvious root debris in the process, and then placed in pre-labeled plastic bags and 
stored on dry ice for transport back to the lab.   
2. Analysis of carbon and nitrogen fractions 
Carbon and nitrogen associated with the particulate and non-particulate organic 
matter (POM, n-POM) was determined following the procedure of Iqbal et al. (2012). 
Briefly, 30 g of air dried soil was combined with 90 ml 5% sodium hexametaphosphate 
(NaHMP), and placed on a shaker for 18 hours.  The dispersed samples were then slowly 
poured onto a 53 µm screen and washed with 2 L DI water.  The material retained on the 
screen (>53 m) is considered POM: the mass of which was determined after transferring 
to a prewashed tin and oven drying at 105 ̊C.  A 130 mL subsample of the <53 m 
fraction, considered n-POM, was collected in a Nalgene bottle, freeze dried, and then 
weighed.  All samples were then ground in a ball mill, tested for the presence of 
significant amounts of inorganic C using 1 N HCl (no inorganic C was observed), and  
analyzed for total C and N on a Flash Elemental Analyzer 1112 (Thermo Fisher Scientific 
Inc., Waltham, MA). 
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Dissolved organic carbon and nitrogen (DOC and DON, respectively) were 
determined by first preparing a 1:5 (soil:DDI water)  soil suspension in 50 ml falcon 
tubes,  shaking for 1 hour,  and then centrifuging at  8000 rpm for 10 minutes, after which 
the supernatant was filtered through 0.45 µm membrane and stored at -20oC until 
analysis.  Dissolved organic carbon (DOC) and total dissolved nitrogen (TDN) were 
analyzed using a TOC-VCPN total organic carbon analyzer (Shimadzu, Japan).  Sub-
samples from the filtered supernatant were taken for NO3--N and NH4+-N analysis using 
an automated colorimetric technique (Crutchfield and Grove, 2011).  Dissolved organic 
nitrogen (DON) was calculated as the difference between the sum of   NO3--N and NH4+-
N and TDN (Jones and Willett, 2006).  
For TC and TN concentrations, 2 grams of air dried soil was further dried at 55 ̊C 
for 48 h, ground using a ball mill and then tested, using 1 N HCL, to determine if they 
had a significant amount of inorganic C (no inorganic C was observed).  Total carbon and 
nitrogen were then determined on a Flash Elemental Analyzer 1112 NC (Thermo Fisher 
Scientific Inc., Waltham, MA).  
3. Potential enzyme activity 
Potential enzyme activity of Β-Glucosidase (BG), Β-Xylosidase (BX), 
Cellobiohyrolase (CB), Β-N-acetylglucosaminidase (NAG), Leucine aminopeptidase 
(LAP), Acid Phosphatase (AP) (Weintraub et al.,2007) were measured in all rhizosphere 
and bulk soil samples (Table 4.1) using a 96 well microtiter plate method described by  
Deforest (2009) based on Saiya-Cork et al. (2002) with optimization of the incubation 
times (DeForest, 2009; Saiya-Cork et al., 2002).  Briefly, 1 g of soil was added to 60 ml 
of 50 mM sodium acetate buffer (pH=6) in a Nalgene bottle, a stir bar was added, the 
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sample vortexed for 1 min and then allowed to stir at 800 rpm for 2.5 min. The soil slurry 
was then poured into a flat bottom 250 ml, 90 x50 mm Pyrex® crystallizing dish, the 
bottles rinsed three times with 25, 20 and 20 ml of buffer, and then the slurry set to stir at 
100 rpm for 3 min.  After 3 minutes, 200 l of the continuously stirring soil slurry was 
transferred into black 96 well plates using an eight channel pipet.   
Plates were set up for the analysis of 3 soils per plate as described by Deforest 
(2009) and included blank, reference standard, quench and negative control wells, as well 
as sample and sample control wells.  Blank wells contained 250 l of sodium acetate 
buffer only.  Reference standard and quench wells contained 200 l sodium acetate 
buffer or 200 μl soil slurry, respectively, and 50 μl of 10 μM 4-Methyllumbelliferyl 
(MUB) for all enzymes except LAP which used 100 μM aminomethylcoumarin (AMC). 
Negative control wells contained 200 μl sodium acetate buffer and 50 μl of a 200 M 
MUB-linked substrate.  The sample control wells contained 200 μl soil slurry and 50 μl 
sodium acetate buffer.  And finally, the assay wells contained 200 μl soil slurry and 50 μl 
of a 200 M MUB-linked substrate solution.   The incubation began with the addition of 
the substrate at which point the plates were covered and incubated at room temperature in 
a dark drawer for 30 min (NAG, AP), 2 h (BG, BX, CB, PER), or 24 h (LAP). After the 
incubation, 10 µl of 0.5 M NaOH was added into each well to enhance the fluorescence 
and to stop the reaction.  Exactly one minute after adding the NAOH, fluorescence was 
measured on a Wallac 1420 Victor2 multilabel fluorescence reader (Perkin- Elmer Inc.) 
using λ=355 nm excitation light and λ=450 nm emission light.  
Assays for potential peroxidase (PEROX) activity were conducted in 300 L clear 
microtiter plates by adding 50 µl of 25 mM L-dihydroxyphenylalanine (L-DOPA) and 10 
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µl of 0.3 wt.% hydrogen peroxide as the substrate were loaded on the plate to react with 
soil slurries for photometric measurement at 480nm.  Activity for all enzymes was 
calculated as shown in DeForest et.al. (2009).  Data are presented as percent difference in 
potential enzyme activity relative to the control (E- soil for each cultivar) and were 
calculated as follows:  difference to control= sample enzyme activity-endophyte free tall 
fescue sample enzyme activity.    
4. Microbial community structure – phospholipid fatty acid analysis (PLFA) 
Fatty acid methyl esters (FAMEs) were extracted from soil samples using the 
high-throughput methodology described in Buyer and Sasser, (2012).  Briefly, FAMEs 
were extracted from freeze dried soil samples in Bligh-Dyer extractant containing 
internal standard (1,2-dinonadecanoyl-sn-glycero-3-phosphocholine) for 2h by rotating 
end-over-end. Liquid phase was transferred after 10 min centrifuging and 1.0 ml 
chloroform and water were added. The lower phase was saved for lipid separation by 
solid phase extraction (SPE) using a 96 well SPE plate (Phenomenex, Torrance, CA, 
USA) with chloroform, acetone and 5:5:1 methanol:chloroform:H2O. Then, 
transesterification reagent (0.2 ml) was added and incubated at 37 °C for 15 min. The 
bottom was removed after adding acetic acid (0.075 M) and chloroform (0.4 ml). At last, 
chloroform extraction was applied and evaporated to dry. The workstation consists of an 
Agilent (Agilent Technologies, Wilmington, DE, USA) 7890 gas chromatograph (GC) 
equipped with automatic sampler, an Agilent 7693 Ultra 2 column, a flame ionization 
detector. The carrier gas was ultra-high-purity hydrogen gas with a column split ratio of 
30:1. The oven temperature was 190°C to 285 °C and then 310°C at rate of 10°C/min and 
60 °C/min, respectively.FAMEs identities and percentages were automatically calculated 
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using MIDI.  profile of soil samples were analyzed by gas chromatography with the use 
of MIDI methods (Sherlock Microbial Identification System version 6.2, MIDI Inc., 
Newark, DE) described by Buyer et al (2012) (Buyer and Sasser, 2012). 
5. Microbial respiration 
Two grams of either bulk or rhizosphere soil was mixed with 20 ml deionized 
water  (1:10 soil: water slurry) in a 50ml falcon tube,  vortexed for 1 min to break up any 
large aggregates and then transferred to a flat-bottomed crystallization dish  and the 
slurry continuously stirred at 200 rpm for 1 min.  Then, the plates were pre-equilibrated 
for 1 hour using 100 µl (basal respiration) or 50 µl (substrate induced respiration) DI 
water before100 µl of the slurry was loaded into a 96 well Oxoplate (PreSens, Germany) 
oxygen sensing plate in eight replicate wells using a multichannel pipette. For substrate 
induced respiration, another 50 µl of a 10g/L glucose solution was added after the soil 
solution to achieve final glucose concentration of 2.5 g/L in all the wells. A transparent 
film dressing (DermaRite Industries LLC, Paterson, NJ) was then applied to seal the 
oxoplate.  Fluorescence intensity of the phosphorescent indicator on the bottom of the 
plate was measured every 10 minutes for 360 minutes incubation on a Wallac 1420 
Victor2 multilabel plate reader (Perkin- Elmer Inc.) using λ=540 nm excitation and λ=650 
nm emission filters for the indicator (Iindicator), and λ=540 nm excitation and λ=590 nm 
emission filters for the reference dye (Ireference). Oxygen partial pressure pO2 in % air 
saturation for each measurement point was calculated using pO2= 100* (K0/IR-1)/ 
(K0/K100-1).  IR is the referenced signal of each well calculated via Iindicator/ Ireference, K0 
was calculated by taking the average of the signals IR of the wells containing oxygen-free 
water; K100 was calculated by taking the average of the signals IR of the wells containing 
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air-saturated water.  Oxygen consumption curves were created and total O2 consumption 
determined using Sigma Plot Version 12.3 (SPSS Inc., Chicago, IL) by calculating the 
area under each curve using the trapezoid rule.  
6. Statistical analysis 
Analysis of variance (ANOVA) was conducted using a general linear model in 
JMP Version 10.0 (SAS Institute, Cary, NC) testing for the effects of endophyte, cultivar 
and their interaction on soil carbon and nitrogen fractions and enzyme activities. Data not 
normally distributed were transformed prior to analysis.  Endophyte status and tall fescue 
cultivar were treated as fixed effects and blocks as a random effect. For statistical 
analysis of the PLFA data, fatty acids were summed into the following biomarker groups: 
gram-positive bacteria (G+; iso and anteiso branched), gram-negative bacteria (G-; 
monounsaturated), actinobacteria (10-methyl fatty acids), general fungi (18:2 6c), 
arbuscular mycorrhizae (16:1 5c), and protozoa (20:3 6c and 20:4 6c).  PLFA 
proportions were calculated by dividing each biomarker group by the total of biomarker 
groups. Concentrations and proportions of the microbe biomarker groups were treated as 
continuous response variables and analyzed using a generalized linear mixed model 
(PROC GLIMMIX, SAS v.9.3) (Stroup, 2014).  Lognormal and beta distributions with 
identity and logit link functions, respectively, were fitted to the microbial biomarker 
group concentration and proportion data, respectively, using the GLIMMIX procedure of 
SAS.  Where significant, differences between the means were determined using the 
student’s t-test at a probability level of P < 0.05.   
To evaluate how endophyte, tall fescue cultivar or their interaction influence 
microbial community structure, microbial biomarker group concentrations were first 
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Hellinger transformed (Ramette, 2007) before creating a non-metric multidimensional 
scaling (NMS) ordination   with Sorensen (Bray-Curtis) distances using the slow and 
thorough settings of the autopilot mode in PC-ORD (version 6.0, MjM Software, 
Gleneden Beach, OR) .  A multi-response permutation procedure (MRPP) in PC-ORD 
was then used to determine if microbial community composition differed significantly 
between soil regions (rhizosphere vs. bulk), tall fescue cultivar (97TF1 vs. PDF), 
endophyte status (E-, E+, AR542E+, AR584E+), or the interaction of cultivar and 
endophyte with the null hypothesis being that these groups will not be different.  A 
Bonferoni's correction was applied to the p-values to correct for multiple comparisons.  
In MRPP, a small p-value indicates that the predefined grouping variables (soil region, 
cultivar, endophyte or cultivar x endophyte) are more different than expected by chance.  
The effect size is reflected in the A-value, the chance corrected within-group agreement, 
which indicates the similarity of samples within a group.  A = 1 if the samples in a group 
are identical and A is closer to zero if their heterogeneity is higher than expected by 
chance.   
NMS was used to determine relationships between environmental variables and 
PLFA microbial biomarker groups. Soil physicochemical parameters were correlated 
with axis scores from the PLFA microbial biomarkers NMS ordination.  Those that had 
an associated r2 value 0.300 or greater were overlaid on the NMS ordination as a biplot. 
The direction and length of the biplot vectors indicate the direction (positive or negative) 
and strength of the correlation while the angle between vectors indicates the correlation 
between environmental variables (small angles = higher correlation).   
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C. Results 
1. Endophyte and tall fescue cultivar effects on soil C and N fractions  
Tall fescue cultivar, endophyte status and their interaction had no significant 
effect on a majority of the soil properties measured with the exception of TN, POM-C, 
BR and SIR (Table 4.2).  Total nitrogen concentration was significantly higher in bulk 
soils in PDF compared to 97TF1 (Table 4.2; Figure 4.1a).   Rhizosphere soils under 
CTE+ infected tall fescue had significantly higher POM-C than those under E- and 
AR542E+ infected cultivars and the endophyte difference were consistent across cultivars 
(Figure 4.1b).  
2. Endophyte and tall fescue cultivar effects on soil function  
Basal and substrate induced respiration were measured in bulk and rhizosphere 
soils to assess differences in microbial community function due to endophytes and tall 
fescue cultivars.   Basal respiration in bulk soils under PDF was significantly greater than 
in soils under 97TF1 (Table 4.2).  The interaction of tall fescue cultivar and endophyte 
strain had a significant effect on basal respiration and substrate induced respiration in 
rhizosphere soils (Table 4.2).  Rhizosphere soils under PDF/E- had significantly lower 
basal respiration than those under novel endophyte infected PDF.  Soils under 
97TF1/AR584E+ had significantly lower basal respiration than soils under 97TF1 with 
CTE+ and AR542E+ (Figure 4.2a).  Rhizosphere soils sunder CTE+ and AR584E+ 
infected 97TF1 had significantly lower substrate induced respiration compared to soils 
under E-.  Soils under AR542E+ infected PDF had greater substrate induced respiration 
compared to E- (Figure 4.2b).  
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Potential soil enzyme activity was assessed to evaluate what effect soil region, 
endophyte strain, tall fescue cultivar or the interaction of endophyte x cultivar might have 
on soil function and nutrient cycling.  No significant cultivar, endophyte, or endophytes x 
cultivar interactions were found in either bulk or rhizosphere soils.   All enzyme activities 
in rhizosphere soil were significantly higher than in bulk soil except for PER (Table 4.3).  
The relative potential enzyme activity of LAP was the only enzyme significantly 
influenced by cultivar.  The average percent difference in potential LAP activity in soil 
under 97TF1 was significantly lower than soils under PDF (Figure 4.3).   
3. Endophyte and tall fescue cultivar effects on soil microbial community composition  
The NMS ordination using bulk and rhizosphere soil microbial biomarker groups 
combined produced a 2 dimensional solution with a final stress of 8.46 after 68 iterations 
(Figure 4.4).  Axis 1 explained 87.5 %, and axis 2 explained 9.8 % of the total variation 
for a total of 97.3 %.  There were no significant differences in microbial community 
structure due to cultivar (A = -0.0049, p= 0.8159), endophyte (A < -0.01, p > 0.6379), or 
their interaction (A < -0.011, p > 0.6077).  The microbial community in the rhizosphere 
and bulk soils were separated along axis 1 and 2 of the NMS plot and were found to be 
significantly different (A = 0.4275, p < 0.001) (Figure 4.4).  
Rhizosphere microbial communities were associated with higher TC (axis 1 r2 
=0.334, axis 2 r2 = 0.347), TN (axis 1 r2 = 0.303, axis 2 r2 = 0.332), POM-C (axis 1 r2 = 
0.430, axis 2 r2 = 0.344), n-POM N (axis 1 r2 = 0.249, axis 2 r2 = 0.182), and POM-C/N 
(axis 1 r2 = 0.635, axis 2 r2 = 0.448) (Figure 4.4). Univariate analysis of the individual 
biomarker groups showed that rhizosphere soils had significantly higher concentrations 
of all microbial biomarker groups and total PLFA than bulk soils (Table 4.4).  The PLFA 
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proportional biomarkers were similar to those of the PLFA concentrations with the 
exception of G+ bacteria and actinobacteria which were proportionally greater but lower 
in concentration in bulk compared to rhizosphere soil (Table 4.4). 
The NMS ordination using microbial biomarker data from only bulk soils 
produced a final stress of 10.10 after 160 iterations.  There were no significant 
differences in bulk soil microbial community structure between cultivars (A = -0.002, p = 
0.4921), endophytes (A < -0.018, p > 0.1227) or their interactions (A < -0.0562,  p > 
0.2077).   The NMS using only microbial biomarker data from rhizosphere soils 
produced a 2 dimensional solution with a final stress of 11.33 after 108 iterations.  There 
were no significant differences in rhizosphere soil community structure between cultivars 
(A = -0.00086, p = 0.7578), endophyte (A < -0.003, p >0.3522) or their interaction (A < -
0.001, p > 0.4251).    
There were very little changes in microbial community composition due to the 
interaction of tall fescue cultivar and fungal endophyte status in rhizosphere or bulk soils 
under either tall fescue cultivar (Table 4.5 and 4.6).  Tall fescue cultivar did have a 
significant effect on community composition in rhizosphere soils where I found total 
PLFA, G+ and G- concentrations to be significantly higher under PDF compared to 
97TF1 stands (Table 4.7).  The one exception to this was the interaction between cultivar 
and endophyte resulting in protozoa proportions in bulk soils under 97TF1/E+ nearly 
twice those of any other combination (Figure 4.5).   
As an stress indicator, for example, due to limited nutrient availability, the ratio of  
total saturated/total monounsaturated fatty acids was highest in bulk soils under 
97TF1/AR542E+ soil samples and lowest in  bulk soils under PDF/AR584E+ .  
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Rhizosphere soils under 97TF1/CTE+ contained higher total saturated/total 
monounsaturated ratio than the other combinations with the exception of soils under the 
PDF/AR542E+ combination (Figure 4.6).  
D. Discussion 
1. Cultivar and endophyte effects on soil C and N in rhizosphere and bulk soils  
In this study, I evaluated if tall fescue cultivar, fungal endophyte or their 
interaction lead to differences in bulk and rhizosphere microbial community structure and 
function and what influence this might have had on C and N cycling. I hypothesized that 
soil carbon fractions would be altered by endophyte status and tall fescue cultivar due to 
differences in plant biomass production and root exudate composition.  Unlike other 
studies that analyzed only bulk soils which are a composite of rhizosphere and non-
rhizosphere soils, I divided soils into bulk and rhizosphere samples in an effort to tease-
out any interactions that might be more pronounced in the functionally-unique zone 
closest to the root.  As expected there were significant differences between rhizosphere 
and bulk soils in all environmental parameters measured.  Rhizosphere soil contained 
significantly greater amounts of most carbon and nitrogen fractions than bulk soils which 
can be attributed to contributions from rhizodeposits (e.g. mucilage, border cells and a 
variety of chemical exudates) and root debris (Jones et al., 2009).  
 POM-N in bulk soils was significantly higher than rhizosphere soils.  Alkaloids 
in leaves of endophyte infected plants could inhibit plant decomposition and affect soil 
carbon and nitrogen storage as shown by previous studies (Franzluebbers and Hill, 2005; 
Siegrist et al., 2010).  Siegrist et al (2010) also suggested that alkaloids may impact 
decomposition indirectly by altering the soil microbial community (Siegrist et al., 2010). 
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In this study I found only minor differences in microbial community composition, it is 
possible that microbial community structure was different from rhizosphere soil and such 
difference might lead to less nitrogen mineralization or higher immobilization in bulk soil 
due to the alkaloids or some other mechanisms. Significantly lower basal respiration in 
bulk soil compared to rhizosphere soil in this study may indicate slower mineralization of 
soil organic matter in bulk soil. Clearly, more work elucidating the mechanisms 
contributing to the impact of endophyte on carbon and nitrogen fraction is needed. 
Besides, greater basal respiration, which is an indicator of greater microbial metabolic 
activity, suggested much stronger biological influence upon rhizosphere soil compared to 
bulk soil. These findings well illustrated that rhizodeposits provide plenty energy source 
and favourable condition for microorganism to inhabit in rhizosphere soil (Badri and 
Vivanco, 2009; Junker and Tholl, 2013). A similar trend was also found for potential 
enzyme activities (BG, BX, NAG, LAP) which were significantly higher in rhizosphere 
than those in bulk soil.  In contrast, peroxidase was higher in bulk soil compared to 
rhizosphere soil. This result is consistent with Koranda et al (2011)’s study on European 
beech (Koranda et al., 2011). Peroxidase is known as oxidative enzyme, released by K-
strategists saprotrophic fungi (Buee et al., 2009), may not be able to utilize rhizodeposits 
because of the presence of other R-strategists.  
Rhizosphere soil has been shown to have higher microbial groups PLFA (eg. 
Gram-positive, Gram-negative, fungi and etc) than bulk soil which was probably due to 
the root-derived compounds exuded by plants (Soderberg and Baath, 1998). 
Actinobacteria abundance in bulk soil was significantly higher than rhizsosphere may 
contribute to their preference for carbon sources other than root exudates (Denef et al., 
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2009). Interestingly, Gram-positive bacteria and actinobacteria proportion were higher in 
bulk than rhizosphere soil which indicated that the increase of Gram-positive bacteria and 
actinobacteria concentration were disproportioned. More rapid utilization of readily 
available carbon in rhizosphere soil that favored other microbial groups over Gram-
positive bacteria and actinobacteria may responsible for such difference (Denef et al., 
2009).  
2. Soil carbon and nitrogen fractions, enzyme activities and soil respiration affected by 
cultivar and endophyte status 
I found that overall the influence of cultivar and fungal endophyte were subtle and 
not obvious in many of the endpoints measured. I found significant differences in total 
nitrogen in bulk soils under PDF compared to cultivar 97TF1.  These result agree with 
several other studies (Franzluebbers et al., 2012), which showed no endophyte effect on 
total nitrogen concentrations were only influenced by soil type, sampling period 
(Franzluebbers, 2006), fertilization, and forage utilization (Franzluebbers and 
Stuedemann, 2009). However, other studies have reported higher total nitrogen values in 
soils under pastures with high endophyte infection frequency relative to those with low 
endophyte infection frequency (Franzluebbers et al., 1999; Franzluebbers and 
Stuedemann, 2005; Iqbal et al., 2012). No detection of cultivar effect on total nitrogen 
was also recorded between Triumph and Johnstone tall fescue cultivar in 2005 
(Franzluebbers and Stuedemann, 2005). Different tall fescue cultivar may contain 
different levels and types of alkaloids when they are infected by endophyte. Many studies 
observed a reduction in decomposition in endophyte infected plant litter, possibly due to 
the presence of toxic alkaloids (Lemons et al., 2005; Omacini et al., 2004; Siegrist et al., 
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2010). Those nitrogen-containing compounds may be responsible for the nitrogen 
accumulation in soil. Since I did not measure the alkaloid content in the tall fescue plant, 
the mechanism of such change still needs further determination. Alternatively, 
differences in microbial activity may partially explain the difference in accumulation of 
total nitrogen (Franzluebbers et al., 1999).  
Higher particulate organic matter C in rhizosphere soils under CTE+ tall fescue is 
supported by previous studies which found greater POM-C in fields with higher 
endophyte infection rates compared to those with lower endophyte infection rates 
(Franzluebbers et al., 1999; Franzluebbers and Stuedemann, 2002). Particulate organic C 
is a slow and stable organic carbon fraction which is considered as a potential indicator of 
root proliferation (Cambardella and Elliott, 1992). Endophyte infected grasses have been 
shown to produce significantly more biomass than endophyte free varieties (Arachevaleta 
et al., 1989; Debattista et al., 1990a). Greater root biomass in endophyte infected tall 
fescue compared to endophyte free tall fescue has been found previously which could 
explain the lower particulate organic C in soils under E- tall fescue (Debattista et al., 
1990b). Although I didn’t measure root biomass in this study, CTE+ and AR584E+ tall 
fescue produced significantly more root biomass than E- plant in my previous study (Guo 
et al., in preparation).  
Effects of tall fescue cultivar and its interaction with endophyte status were not 
observed in total carbon, dissolved organic carbon and nitrogen, particulate organic N as 
well as non-particulate organic matter. Handayani et al.(2011) examined 4 year old plots 
in Kentucky and found that no significant influence in soil carbon stocks in endophyte 
infected tall fescue (Handayani et al., 2011). Interestingly, no endophyte (CTE) influence 
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on soil carbon pool was also found in a 60 week mesocosm study in Georgia 
(Franzluebbers, 2006). In contrast, another study of 8 year to 15 year old plots in 
Watkinsville (Geogia) found significantly higher soil organic carbon and particulate 
organic nitrogen in plots with high compared to low endophyte infection frequency to a 
depth of 150 mm (Franzluebbers et al., 1999). In a follow-up study, total organic carbon 
and non-particulate organic carbon were significantly affected by stand age up to 50 
years (Franzluebbers and Stuedemann, 2002). They also found higher non-particulate 
organic carbon in 8-yr endophyte infected tall fescue stand compare to endophyte free 
stand. Similar to their previous work, larger amounts of non-particulate organic carbon 
were observed in their 15 years old pasture (Franzluebbers and Stuedemann, 2002).  It 
seems likely that stand age may be an important factor in reaching detectable changes in 
soil carbon storage due to the endophyte and tall fescue association. Franzluebbers (2006) 
observed the overwhelming effect of different sampling period and plant production on 
soil carbon and nitrogen fraction. Plant biomass was found higher in endophyte infected 
tall fescue than endophyte free tall fescue (Cheplick et al., 1989) at different sampling 
period and also increased with time. Like the plant biomass, TOC, PON, mineralizable 
carbon and nitrogen increased with time in the short-term mesocosm study 
(Franzluebbers, 2006). This evidence might suggest that insufficient time in the field 
could be one of the reasons leading to these undetectable changes.  
Besides the field age, many other field specific variables were related to soil 
carbon and nitrogen dynamics. Iqbal et al.(2012) studied soil carbon sequestration across 
the southeastern United States, they observed non-particulate organic carbon and nitrogen 
were significantly affected by endophyte and site interaction (Iqbal et al., 2012). 
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Including the site specificity, the environment in the field is quite different from my 
controlled nutrient solution study. For example, climate (included temperature and 
precipitation), soil type, and agricultural management practices (eg. Fertilization, grazing, 
tillage and etc) could be all considered as the factors governing plant production and 
eventually alter soil carbon storage (Conant et al., 2001; Franzluebbers and Arshad, 1997; 
Wander et al., 1998). Different soil type, which determines the different percentage of 
clay, will eventually affect the soil organic matter decomposition. The soil type of my 
samples is maury silt loam, which contains high levels of silt, will involve in protect 
organic matter from decomposer organism (Six et al., 2002). TOC has been observed 
lower in loamy sandy than in clay loam in previous study as well as mineralizable carbon 
and nitrogen (Franzluebbers, 2006). The effect of soil type on particulate organic matter 
was also demonstrated by the same study, which was also interacting with sampling 
period and endophyte influence.  
The addition of fertilization has been used for increasing forage production of 
both above ground and below ground biomass, which can also increase soil carbon 
storage. In southeastern USA, different level of fertilization was recognized important 
factors that influence soil organic carbon, non-particulate organic carbon in 15-20 years 
old tall fescue stand (Franzluebbers and Stuedemann, 2002, 2005). However, different 
type of fertilizer didn’t have impact on soil organic carbon sequestration (Franzluebbers 
et al., 2012). Since my studying plots weren’t treated with fertilizer since 2011, it is 
possible that less improvement of tall fescue production may be responsible for the less 
change in soil nutrient pools. Another pasture management practice is grazing, which 
have direct and indirect impact on soil carbon sequestration (Franzluebbers et al., 2012; 
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Franzluebbers and Stuedemann, 2002; Iqbal et al., 2012), soil nitrogen mineralization and 
also decomposition (Liu et al., 2012; Shariff et al., 1994; Singh et al., 1991). However, 
my study plots, which were grazed twice in 2008 and 2009, didn’t show any difference in 
particulate organic matter and non-particulate organic matter among different tall fescue 
cultivar and endophyte status in 2012. Therefore, the reasons for lacking of endophyte 
status and tall fescue cultivar influence on soil carbon and nitrogen fractions could be 
complex, vegetation age, climate, soil type and land management could all be responsible 
for the consequence. 
Although most of carbon and nitrogen fractions in the soil were not sensitive 
enough to detect the difference among endophyte statues and tall fescue cultivars, soil 
basal respiration (BR) and substrate induced respiration (SIR) in my study supported my 
hypothesis. In recent studies, fluorescence based microplate platform for quantifying 
dissolved oxygen consumption method has been proved as a rapid assessment of soil 
basal respiration and carbon source utilization by soil microbial community (Garland et 
al., 2003; Garland et al., 2012; Zabaloy et al., 2008). Zabaloy et al. (2008) were able to 
detect the response by adding 240µl well-1 slurry and as low as 10 mg l-1 substrate in their 
respiration study (Zabaloy et al., 2008).  Similarly, my results showed significant 
difference in soil basal and substrate induced respiration impacted by endophyte status 
and its interaction with tall fescue cultivar in 200µl soil slurry. The endophyte impact was 
also observed in basal respiration in rhizosphere soil; AR542E+ had significantly faster 
basal respiration than endophyte free tall fescue soil. The difference in root exudates 
composition released by plant and soil microbial community structure may explain for 
the impact. Enhanced basal respiration in PDF/AR584E+ partly supported my hypothesis 
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may attribute to greater sugar exudation. In addition, lower substrate induced respiration 
was found in PDF/AR584E+ soil relate to 97TF1/E- and PDF/AR542E+ soil after 
addition of glucose. Since my incubation time was controlled within 6 hours, the growth 
of microorganisms in my study would not be a factor in change microbial activity 
(Garland et al., 2003). It is most likely that soil microorganism in 97TF1/E- and 
PDF/AR584E+ were much more capable of utilizing glucose. Alternatively, the 
difference in SIR response in different soil may be due to priming effect, which describe 
the alteration of SOM turnover after the input of substrates (Blagodatskaya and 
Kuzyakov, 2008; Fontaine et al., 2003). In substrate induced respiration, besides the 
utilization of the glucose, the external carbon input may also function as a trigger to 
activate the dormant microorganism in the soil (Blagodatskaya and Kuzyakov, 2008; 
Kuzyakov and Bol, 2006). In my study, it is most likely that more dormant microbes in 
97TF1/E- and PDF/AR542E+ soil were activated by glucose than the other samples. 
Then, much more SOM decomposition was mediated by these microorganisms, which 
eventually raised the soil respiration.  
Another functional characteristic of the microbial community is extracellular 
enzyme activity, which is also a factor in regulating rates of carbon mineralization and 
nutrient cycling (Wallenstein and Weintraub, 2008). Enzyme activity also can reflect the 
belowground nutrient limitation and microbial nutrient demand (Sinsabaugh et al., 2008; 
Sinsabaugh and Shah, 2012). I found that potential LAP activity was significantly higher 
in endophyte infected PDF compared to soils under endophyte free PDF, while the 
opposite was true for 97TF1.  LAP is mainly produced by bacteria, and releases leucine 
from peptides.  It may suggest that endophyte infected PDF soil need more leucine than 
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PDF/E-, whereas endophyte infected 97TF1 soil had more leucine than 97TF1/E-. NAG, 
although not affected by tall fescue cultivar, produce N-acetyl glucosamine from chitin. 
NAG activity was dramatically higher in 97TF1 than E-, while LAP activity was lower, 
which may indicate that 97TF1 soil microbial community had high demand for amino 
sugar than leucine (Tscherko et al., 2004).  
3. Cultivar and endophyte effects on microbial community structure and function  
As I hypothesized, Gram-positive bacteria, Gram-negative bacteria and total 
PLFA were significantly higher in PDF tall fescue stand compare to 97TF1, which may 
induced by greater amount of sugar exudation by PDF tall fescue observed in my 
previous pure culture study (Guo et al., in preparation). 
Unlike my hypothesis, no endophyte effect was found on microbial community 
composition in rhizosphere. The microbial community in this study was dominated by 
Gram-positive and Gram-negative bacteria, which were significantly affected by tall 
fescue cultivar and also were positively correlated with carbon and nitrogen parameters, 
such as TC, TN, POM-C, etc. Such strong correlation agrees with earlier studies 
suggesting that soil bacteria were significantly correlated with soil organic carbon 
(Marschner et al., 2003). The effect of root-derived compounds on soil microbial 
community structure has been well documented (Denef et al., 2009; Landi et al., 2006; 
Olsson et al., 1996; Tavi et al., 2013). Moreover, Tavi et al. (2013) also suggested that 
Gram-negative bacteria are capable of processing plant derived carbon, while Gram-
positive bacteria may obtain carbon from dead fungal or root biomass (Denef et al., 
2009). Since soil organic matter is crucial for soil microorganism growth, these results 
indicate that the root exudates and root production altered by tall fescue cultivar maybe 
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related to the changes in soil microbial community structure. The Gram-positive, Gram-
negative and actinobacteria concentration were lowest in 97TF1/CTE+ stand (data not 
shown) even though the effect was not significant. This could be very well explained by 
the highest protozoa proportion in 97TF1/CTE+ bulk soil since protozoa graze on 
bacteria (Stout, 1973). This is also confirmed by study showing reduction of number of 
bacteria in the presence of protozoa (Kuikman et al., 1990).  
The total saturated/total monounsaturated fatty acid ratio was altered by the 
endophyte status and fescue cultivar interaction in both bulk and rhizosphere soil. 
97TF1/AR542E+ in bulk soil and 97TF1/E+ in rhizosphere soil had higher total 
saturated/ total monounsaturated ratio suggests that their microbial communities are more 
nutrient limited (Guckert et al., 1986; Kieft et al., 1994; Kieft et al., 1997; Rice and 
Oliver, 1992; Thoms et al., 2010).  
E. Conclusion 
This study aimed to determine how tall fescue cultivar and endophyte status 
interact to influence soil microbial community structure and function, and ultimately soil 
carbon and nitrogen fractions. Endophyte infection, tall fescue cultivar and their 
interaction altered soil carbon and nitrogen pools primarily through changing total 
nitrogen and particulate organic C.  Most of other carbon and nitrogen fractions were not 
impacted after 6 years of establishment. The variability in the responses of carbon and 
nitrogen fractions suggested that plant age, climate, soil type and other land management 
variables may be very important regulators in determining the extent and timing of 
changes expected to occur due to endophyte infection in tall fescue. Microbial enzyme 
activity and respiration were sensitive enough to detect changes due to tall fescue cultivar 
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and endophyte status in the same soil sample. As I hypothesized, cultivar effect on G+, 
G-bacteria and total PLFA were detected in rhizosphere soil probably due to sugar 
exudation. Also, I was able to detect significant difference between bulk soil and 
rhizosphere soil based on my investigations of soil nutrient pool and microbial activity 
responses. Further studies are needed to interpret the soil nutrient storage and microbial 
community activity in relation to variations of the environment conditions (e.g. climate, 
field management, soil type and etc). In addition, microbial community structure should 
be characterized by 16S rRNA approach to illustrate the whole rhizosphere processes.     
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Table 4.1 Descriptions of enzyme functions and substrates used in enzyme activity assay 
(Weintraub et al., 2007) 
Enzyme Enzyme function Substrate 
β-Glucosidase 
 (BG; EC 3.2.1.21) 
Release glucose from cellulose 4-Methyllumbelliferyl-β-D-
glucopyranoside 
β-Xylosidase  
(BX; EC 3.2.1.37) 
Hydrolyzes xylose from xylan 4-Methyllumbelliferyl-β-D-
xylospyranoside 
Cellobiohyrolase  
(CB;EC 3.2.1.91) 
Release cellobiose from 
cellulose 
4-Methyllumbelliferyl-β-D-
cellobioside 
β-N-acetyl-
glucosaminidase  
(NAG; EC 3.2.1.30) 
Hydrolyze N-acetyl 
glucosaminidase  from chitin-
derived oligomers 
4-Methyllumbelliferyl-N-acetyl-
β-D-glycosaminide 
Leucine aminopeptidase  
(LAP;EC 3.4.11.1) 
Catalyzes the hydrolytic release 
of leucine and other amino acid 
from peptides 
L-leucine-7-amido-4-
methylcoumarinhydrochloride 
Acid Phosphatase  
(AP; EC 3.1.3.2) 
Hydrolysis of 
phosphomonoesters into 
orthophosphates 
4-Methyllumbelliferyl-phosphate 
Peroxidase  
(PER; EC 1.11.1.1) 
Catalyze oxidative reactions L-dihydroxyphenylalanine 
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Table 4.2 Analysis of variance for soil properties in response to tall fescue cultivar (PDF 
and 97TF1), endophyte status (E-, CTE+, AR584E+ and AR542E+), and their 
interaction. Signficant differences were showed in bold (p≤0.05). 
 Tall fescue cultivar  Endophyte status  Cultivar*Endo status  
 Bulk  Rhizo  Bulk  Rhizo  Bulk  Rhizo  
Soil 
properties 
F P F P F P F P F P F P 
TC 3.12 0.08 0.15 0.71 1.31 0.28 2.54 0.07 0.76 0.52 1.43 0.25
TN 4.12 0.05 0.00 0.97 0.65 0.59 2.72 0.06 1.73 0.17 0.38 0.77
TC/TN  0.21 0.65 0.78 0.38 1.34 0.27 0.21 0.89 1.58 0.21 2.77 0.05
DOC 3.11 0.09 0.01 0.92 1.20 0.32 0.11 0.96 0.20 0.90 0.18 0.91
DON 0.17 0.68 0.79 0.38 2.22 0.10 0.19 0.90 1.32 0.28 0.40 0.75
POM-N  0.02 0.89 0.01 0.93 0.66 0.58 2.40 0.08 2.69 0.06 1.33 0.28
POM-C 0.02 0.89 0.00 0.83 0.66 0.58 3.84 0.02 2.69 0.06 1.40 0.26
POM C/N 0.69 0.41 0.25 0.62 0.75 0.53 1.28 0.29 1.05 0.38 0.88 0.46
n-POM-N 0.51 0.48 0.25 0.62 0.05 0.99 0.10 0.96 1.03 0.39 0.35 0.79
n-POM-C 0.22 0.64 0.77 0.39 0.26 0.86 0.21 0.89 0.73 0.54 0.30 0.82
n-POM 
C/N 
0.30 0.59 1.87 0.18 1.58 0.21 1.27 0.30 0.62 0.61 0.43 0.74
BR 3.90 0.05 1.42 0.24 0.58 0.63 2.81 0.04 0.75 0.52 4.19 0.01
SIR 0.11 0.74 0.30 0.58 0.77 0.51 1.58 0.20 1.66 0.18 2.90 0.04
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Table 4.3 Soil respiration and enzyme activities in bulk and rhizosphere soil.  Different 
letters within a column indicate significant differences between soil regions (P<0.05).  
Soil Region BR SIR NAG AP BG BX CB LAP PER 
 ------ PO2*min -------- -------------------------------------  nmol h-1 g-1  ------------------------------------ 
Bulk 25722.76a 16647.98a 96.33b 887.12b 275.60b 31.37b 95.06b 72.57b 1.52a 
Rhizosphere 21024.47b 11976.20b 166.54a 1093.56a 396.36a 58.20a 154.77a 99.26a 1.05b 
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Table 4.4 Soil microbial community PLFA biomarker group concentrations (nmol g-1) 
and relative mole abundance in bulk and rhizosphere soils. Values are least square means 
(n=28).  Within a row (for concentration and relative mol abundance), different letters 
represent significant difference between soil regions (P < 0.05). 
Microbial Class Bulk Rhizo  Microbial Class Bulk Rhizo 
 --------nmol g-1  -------   -rel. mol abundance ---- 
Gram + 62.91b 74.25a  Gram + 0.28a 0.26b 
Gram - 104.89b 141.90a  Gram - 0.47b 0.49a 
Actinobacteria 35.41b 39.65a  Actinobacteria 0.16a 0.14b 
Fungi 4.04b 10.57a  Fungi 0.02b 0.04a 
AM fungi 12.36b 17.54a  AM fungi 0.056b 0.061a 
Protozoa 2.11b 4.43a  Protozoa 0.0095b 0.015a 
Total PLFA 260.78b 341.40a     
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Table 4.5 Analysis of variance for soil microbial community groups (absolute 
concentrations and proportions) in response to tall fescue cultivar (PDF and 97TF1), 
endophyte status (E-, CTE+, AR584E+ and AR542E+), and their interaction in 
rhizosphere soil. Significant correlations are in bold (p≤0.05). 
 Tall fescue cultivar Endophyte status Interaction 
Absolute concentrations F P F P F P 
Gram + 6.64 0.01 0.39 0.76 2.05 0.12 
Gram - 5.09 0.03 1.03 0.39 0.56 0.65 
Actinobacteria 2.64 0.11 1.28 0.29 2.34 0.09 
Fungi 1.43 0.24 0.28 0.84 0.35 0.79 
AM fungi 3.71 0.06 1.22 0.31 0.81 0.50 
Protozoa 0.15 0.70 0.07 0.98 1.37 0.27 
Total PLFA 4.81 0.03 0.59 0.62 0.84 0.48 
Cyclo/precursors 0.06 0.80 1.93 0.14 0.91 0.45 
Total saturated/total 
monounsaturated 
2.2 0.15 4.46 0.008 3.94 0.01 
cy17:0/16:1 w7c 0.02 0.89 1.55 0.25 0.23 0.88 
cy19:0/18:1w7c 0.1 0.76 0.96 0.42 0.09 0.97 
Proportions       
Gram +%  0.91 0.35 0.44 0.72 2.61 0.06 
Gram -%  0.18 0.67 0.31 0.82 2.25 0.10 
Actinobacteria%  1.23 0.27 0.07 0.98 0.45 0.72 
Fungi%  0.29 0.60 0.26 0.85 0.7 0.56 
AM fungi%  0.2 0.66 1.59 0.21 0.83 0.49 
Protozoa%  0.69 0.41 0.56 0.64 1.14 0.34 
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Table 4.6 Analysis of variance for soil microbial community groups (absolute 
concentrations and proportions) in response to tall fescue cultivar (PDF and 97TF1), 
endophyte status (E-, CTE+, AR584E+ and AR542E+), and their interaction in bulk soil. 
Significant correlations are in bold (p≤0.05). 
 Tall fescue cultivar Endophyte status Interaction 
Absolute concentrations F P F P F P 
Gram + 0.63 0.43 1.65 0.19 1.02 0.39 
Gram - 0.0001 0.99 0.82 0.49 0.27 0.84 
Actinobacteria 0.37 0.54 1.38 0.26 1.42 0.25 
Fungi 0.27 0.60 1.12 0.35 0.64 0.59 
AM fungi 0.71 0.40 0.92 0.44 0.38 0.77 
Protozoa 0.59 0.45 0.42 0.74 2.29 0.09 
Total PLFA 0.02 0.89 0.44 0.72 0.2 0.83 
Cyclo/precursors 0.37 0.55 0.59 0.63 0.61 0.62 
Total saturated/total 
monounsaturated 
0.09 0.77 1.85 0.15 3.23 0.03 
cy17:0/16:1 w7c 0.02 0.90 1.91 0.14 1.04 0.38 
cy19:0/18:1w7c 0.65 0.43 0.07 0.97 1.08 0.37 
Proportions       
Gram +%  0.41 0.52 0.61 0.61 0.68 0.57 
Gram -%  1.37 0.25 0.19 0.91 1.11 0.36 
Actinobacteria%  0.05 0.83 0.03 0.99 0.64 0.59 
Fungi%  0.61 0.44 1.05 0.38 0.48 0.70 
AM fungi%  1.12 0.30 1.86 0.15 0.64 0.59 
Protozoa%  1.35 0.25 1.38 0.26 3.69 0.02 
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Table 4.7 The effect of tall fescue cultivar on PLFA microbial biomarker concentrations 
(nmol g-1) in rhizosphere soils. Values are least square means (n=28).  Different letters 
within a column indicate significant differences between cultivars (P<0.05).  
Cultivar Gram+ Gram- Actinobacteria Fungi AM 
fungi 
Protozoa Total 
PLFA 
97TF1 72.57b 139.56b 39.21a 10.22a 17.19a 4.41a 335.98b 
PDF 75.77a 144.28a 40.08a 10.92a 17.89a 4.45a 346.83a 
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Figure 4.1 Total nitrogen in (a) bulk soil impacted by tall fescue cultivar; Particulate 
organic carbon (POM-C) in (b) rhizosphere soil impacted by endophyte status. Error bars 
indicate one S.E. of the mean. Different letters indicate significant differences among tall 
fescue cultivar or endophyte statuses (P<0.05).      
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Figure 4.2 Comparison of (a) soil basal respiration and (b) substrate induced respiration 
in rhizosphere soil among different endophyte status and tall fescue cultivar 
combinations. The bars represent the area under the soil respiration curve measured over 
360 minutes with larger bars indicating lower respiration. Error bars indicate one S.E. of 
the mean. Different letters indicate significant differences among tall fescue cultivar and 
endophyte status combinations (P<0.05).   
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Figure 4.3 Mean difference in potential soil enzyme activity in soils under endophyte 
infected tall fescue relative to soils under endophyte-free tall fescue as affected by tall 
fescue cultivar. Values were calculated as the difference between potential enzyme 
activities in soils under each endophyte infection status minus the potential enzyme 
activity in the soils under the endophyte free plants.  Positive values indicate greater 
potential enzyme activity than the soils under endophyte free tall fescue.  NAG= β-N-
acetyl-glucosaminidase. AP= Acid Phosphatase. BG= β-Glucosidase. BX= β-Xylosidase. 
CB= Cellobiohyrolase. LAP= Leucine aminopeptidase. PER=Peroxidase. Different 
letters represent significant difference between tall fescue cultivars, no letters represent 
no significant difference between tall fescue cultivars (P<0.05). 
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Figure 4.4 NMS ordination biplot of grouped microbial PLFAs from bulk and 
rhizosphere soils under cultivars 97TF1 and PDF in field plots.  Correlation vectors 
(scaled to 150%) of environmental variables with an r2 > 0.300 were included. TC = total 
carbon; TN = total nitrogen, POM= particulate organic matter, n-POM = non-particulate 
organic matter carbon, POM-N = Particulate organic matter nitrogen, POM C = 
Particulate organic matter carbon, POM C/N = ratio of POMC to POM N. 
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Figure 4.5 Relative abundance of soil protozoa in bulk soil.  Different letters represent 
significant difference between tall fescue cultivar and endophyte status combinations 
(P<0.05). 
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Figure 4.6 Total saturated/total monounsaturated ratio affected by tall fescue cultivar and 
endophyte status interactions in (a) bulk and (b) rhizosphere soil. Different letters 
represent significant difference among tall fescue cultivar by endophyte status 
interactions (P<0.05).  
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V.CHAPTER 5 – SUMMARY AND CONCLUSIONS 
Tall fescue (Lolium arundinaceum (Schreb.)) is a cool-season perennial grass 
used in pastures throughout the Southeastern United States. The grass can harbor a fungal 
endophyte (E. coenophiala) thought to provide the plant with enhanced resistance to 
biotic and abiotic stress. However, the alkaloids produced by the common variety of the 
endophyte cause severe animal health issues resulting in a considerable amount of 
research focused on eliminating the toxic class of alkaloids while retaining the positive 
abiotic and biotic stress tolerance attributes of the other alkaloids. In doing so, very little 
attention has been paid to the direct influence the fungal-plant symbiosis has on 
rhizosphere processes. Therefore, my objectives were to study the influence of this 
relationship on plant biomass production, root exudate composition, and soil 
biogeochemical processes using tall fescue cultivars PDF and 97TF1 without an 
endophyte (E-), infected with the common toxic endophyte (CTE+), or two novel 
endophytes (AR542E+, AR584E+).   
In the first experiment, plant biomass production in a hydroponic system was 
significantly influenced by fescue cultivar and endophyte status. Phenolic content and 
organic carbon released per gram of root were highest only in CTE+ infected 97TF1 
individuals. GC-TOF MS identified 132 compounds, including lipids, carbohydrates and 
carboxylic acids from both cultivars, which were documented to enhance nutrient 
acquisition, have allelopathic effects on other organisms and alter soil microbial 
community structure. Cluster analysis of the compounds showed that all PDF tall fescue 
root exudate profiles were similar and grouped separately from all 97TF1 tall fescue 
indicated that each cultivar has a distinct exudate profile. The exudate profile of the novel 
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endophyte infected cultivars tended to group and the 97TF1/CTE+ was separated from 
the others indicating that the interaction between endophyte and cultivar results in a 
unique exudate profile. Results from this research illustrate that tall fescue cultivar and 
endophyte status can influence plant growth and root exudate chemistry.    
In the second study, amines, carboxylic acids, lipids and sugars were the majority 
compounds identified from soil solution in the rhizobox experiements. Soil solution 
profiles of E- and CTE+ were similar and AR542E+ and AR584E+ were grouped 
together, which shared the same trend I found in the pure culture study. However, unlike 
in the pure culture study, the soil solution chemical profile of PDF/AR584E+ was 
clustered with cultivar 97TF1 instead of PDF. Arbuscular mycorrhizal fungi were 
significantly affected by endophyte status and were lowest in soils under AR584E+ 
infected tall fescue than in the other combinations. As I predicted in the pure culture 
study, I found greater differences between CTE+ and E- in potential leucine 
aminopeptidase (LAP) activity than difference between novel endophytes and E-. These 
results indicate that differences in root exudates due to endophyte status, tall fescue 
cultivar and their interaction affect microbial community structure and function.    
In the final study, significant differences were found between rhizosphere and 
bulk soils in POM, n-POM, DOC, DON and enzyme activity.  However, little discernible 
differences related to fescue cultivar or endophtye were found within either rhizosphere 
or bulk soils, with the exception of total nitrogen and particulate organic C, which were 
affected by cultivar in bulk soil and endophyte status in rhizosphere soils. PDF tall fescue 
soil samples had higher G+ and G- bacteria and total PLFA concentrations in rhizosphere 
soils than 97TF1 samples. These results suggest that the impact of endophyte status and 
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fescue cultivar on soil nutrient pools is subtle but detectable in the six years since the 
plots were established.      
In conclusion, I found that root exudate composition and plant biomass 
production were influenced by endophyte status, tall fescue cultivar and the interaction of 
cultivar and endophyte. These interactions had a small but perceptible impact on soil 
microbial community structure and function with an equally small and perceptible impact 
on carbon and nitrogen cycling in soils from rhizobox and field sites. Site-specific 
conditions, such as climate, hydrology, soil type, nutrient availability, and/or 
management likely lead to the reduced endophyte and cultivar effects in the field soils 
that may have otherwise been predicted from the pure-culture characterization of exudate 
composition. These studies represent the first comprehensive analysis of root exudate 
chemistry from common toxic and novel endophyte infected tall fescue cultivars and can 
be used to help explain in part the observed changes in C and N storage and soil 
microbial community structure in pasture throughout the southeast U.S.. The root exudate 
compounds identified in this study also can be used to help understand the nutrient 
acquisition ability, allelopahtic effect, biotic and abiotic stresses of tall fescue plants in 
the field condition. In the future, more research is still needed to clarify influence of 
environmental condition (e.g. climate, nutrient availability, soil type, field management 
and etc.) and plant diversity on root exudation, soil biogeochemistry and microbial 
physiology. 
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